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m.  Technical  Results 


A.  Statement  of  the  Problem  Studied 

The  goal  of  the  High-Power  CW  Diode-Laser-Array-Pumped  Solid-State 
Lasers  and  Efficient  Nonlinear  Optical  Frequency  Conversion  Program  at 
Stanford  has  been  the  study  of  the  engineering  diffculties  associated  with  the 
development  of  high  average  power  laser  systems  and  the  development  of 
efficient,  engineerable  nonlinear  optical  materials. 


B.  Summary  of  the  Most  Important  Residts 

1.  High  Power  Laser  Source  Development 

a.  40  W  diode-laser-pumped  TEMoo  Nd:YAG 
minislab  laser 

We  have  built  a  diode-laser-pumped  Nd:YAG  slab  laser  that  emits  70  W 
CW  in  multitransverse  transverse  mode  operation  when  pumped  with  235  W  of 
diode-laser  power,  40  W  cw  in  a  TEMqo  mode  when  pumped  with  212  W  of 
diode-laser  power.  ^  The  input-output  curve  for  the  laser  in  multifrequency 
operation  is  shown  in  Figure  1.  This  zig-zag  slab  laser  has  thermally  induced 
distortions  of  less  than  one  wave  at  the  full  pump  power.  A  significant 
advantage  of  our  design  over  previous  slab  lasers  is  a  patented  Teflon  AF® 
protective  coating  on  the  slab  total  internal  reflection  surfaces  which  greatly 
simplifies  the  mounting  and  cooling  of  the  slab  laser  medium.^  Although  the 
slab  laser  design  has  been  used  successfully  in  diode-laser-pumped,  pulsed 
laser  systems, 3-4  this  is  the  first  uniformly  face-pumped,  face-cooled,  cw,  diode- 
pumped  slab  laser. 
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Fig.  1.  Output  power  of  the  slab  Nd:YAG  laser  versus  input  diode 
laser  pump  power  for  multitransverse  transverse  mode  operation 
(squares)  and  TEMOO  mode  (circles)  operation. 


Figure  2  shows  a  schematic  of  the  laser  head.  The  Nd:YAG  slab  is 
mounted  in  an  aluminum  frame  and  sealed  at  both  ends.  We  place  the  0-rings 
just  as  one  would  on  a  rod  with  no  care  taken  to  locate  the  0-rings  away  from  a 
bounce  point  since  the  slab  is  protected  by  the  low  index  Teflon  coating.  The 
top  and  bottom  of  the  slab  are  insulated  by  placing  gold-coated  glass 
microscope  slides  in  contact  with  the  Nd:YAG  slab.  The  glass  slides  are 
pressed  in  place  by  a  small  spring  loaded  teflon  slab  to  avoid  excess  pressure 
on  the  Nd:YAG  slab.  The  last  two  sides  of  the  frame  contain  the  fiber  pump 
modules.  The  Nd:YAG  slab  is  water  cooled  with  2  mm  thick  water  channels 
flowing  between  the  slab  surfaces  and  the  brass  fiber  holders.  The  water  flows 
at  a  rate  of  1  liter  per  minute.  The  fibers  are  isolated  from  the  water  flow  by  a 
0.5  mm  anti-reflection  (AR)  coated  sapphire  window  glued  onto  the  brass 
mount.2 
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Fig.  2.  Schematic  of  laser  head.  The  thick  black  lines  on  the  glass 
slides  and  brass  fiber  holders  represent  gold  coatings  to  confine 
the  pump  light. 


The  diode  lasers  are  movmted  on  a  water-cooled  block  well  away  from  the 
laser  head,  thus  separating  the  heat  loads.  Two  simple  clamps  hold  all  the 
fibers  in  the  laser  head  assembly,  reducing  the  laser  head  size  and  complexity. 
The  pump  sources  for  our  laser  are  twenty  five  SDL-3450-P5  fiber-coupled 
diode  lasers  (SDL,  Inc.).  Each  600  |xm,  0.4  numerical  aperture  (N.A.)  fiber 
emits  a  maximum  of  9.5  watts  for  a  total  of  235  watts  at  the  slab. 

The  slab  has  a  thickness  of  1.7  mm,  a  width  of  1.8  mm  and  a  centerline 
length  of  58.9  mm.  This  length  corresponds  to  22  TIR  boimces  and  is  chosen  to 
operate  at  50%  of  the  stress  fracture  limit  at  the  full  pump  power  of  235  W  . 
Although  we  do  not  take  full  advantage  of  the  slab  design  because  of  the  small 
aspect  ratio,  we  still  minimize  the  effects  of  stress  birefringence  and  thermal 
lensing,  and  obtain  a  nearly  diffraction-limited  mode  with  high  efficiency. 

To  obtain  the  benefits  of  the  slab  design,  the  laser  gain  medium  must  be 
efficiently  and  uniformly  pumped.  The  interior  surface  of  the  brass  fiber  holder 
is  polished  and  gold  coated.  The  fiber  locations  are  chosen  to  increase  both  the 
reflectivity  of  the  unabsorbed  pump  power  from  the  opposite  fiber  holder  and  to 
increase  the  pump  uniformity.  The  2.5  mm  space  between  the  fiber  ends  and 
the  slab  face  and  high  N.A.  of  the  fibers  also  act  to  improve  the  uniformity  of 
the  pump  power  deposition  within  the  Nd:YAG  slab. 

The  best  performance  was  obtained  with  a  three  mirror  folded  cavity  as 
shown  in  Figure  3.  The  zig-zag  geometry  averages  out  the  thermal  lens  in  the 
zig-zag  plane,  however  a  small  thermal  lens  remains  in  the  plane  perpendicular 
to  the  zig-zag  direction  due  to  incomplete  isolation  of  the  top  and  bottom  of  the 
slab.  This  asymmetric  thermal  lens  is  compensated  by  using  the  astigmatism 
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from  an  off-axis  concave  mirror.  A  20  cm  radius  of  curvature  mirror  was 
chosen  to  dominate  the  thermal  leasing  in  the  cavity  and  the  fold  angle 
necessary  to  obtain  TEMqo  mode  operation  at  full  power  was  45°. 


Fig.  3.  Schematic  of  the  TEMoo  Nd:YAG  zig-zag  slab  laser 
resonator.  The  off-axis  spherical  mirror  compensates  for  the 
residual  thermally  induced  cylindrical  lens. 


The  mode  size  in  the  NdrYAG  slab  is  500  p.m  and  can  be  changed  by 
small  displacements  in  the  short  13  cm  leg.  It  is  adjusted  so  that  clipping 
arovmd  the  NdrYAG  slab  prevents  higher  order  modes  from  oscillating.  TEMqo 
niode  operation  was  confirmed  by  displaying  the  beat  note  from  a  fast 
photodetector  on  a  spectrum  analyzer  as  well  as  monitoring  a  portion  of  the 
output  beam  with  a  scanning  slit.  We  obtained  40  W  in  a  TEMqo  mode  at  a 
pump  power  level  of  212  W.  The  slope  efficiency  for  TEMqO  mode  operation 
was  22%.  The  value  was  measured  using  the  knife  edge  technique  and  was 
found  to  be  less  than  1.3  in  both  directions.  The  output  is  polarized  due  to  the 
Brewster  slab  faces  with  a  polarization  ratio  better  than  100:1. 

b.  A  20  W  diode-laser-pumped,  ipjection-locked, 
Nd:YAG  laser  oscillator 

Applications  such  as  coherent  laser  radar  and  gravitational  wave 
detection  interferometry  require  high  power  single  frequency  sources.  Low 
power  diode-laser-pumped  monolithic  NonPlanar-Ring  Oscillators  (NPRO) 
have  proven  to  be  the  most  stable  solid  state  laser  source  available.  Utilizing 
this  stable  oscillator  as  the  master  oscillator,  a  high  power  oscillator  can  be 
frequency  stabilized  and  forced  to  operate  as  a  single  frequency  oscillator  by  a 
technique  known  as  injection-locking.  Injection-locking  consists  of  injecting  the 
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output  of  the  master  oscillator  into  the  optical  resonator  of  the  laser  to  be 
stabilized,  the  slave  oscillator.  Typically  the  master-laser  output  power  is  a 
small  fraction  of  the  slave-laser  output  power.  If  the  frequency  difference 
between  the  master  and  slave  oscillators  is  sufficiently  small  the  free-running 
mode  of  the  slave  laser  is  extinguished  and  the  slave  laser  is  frequency-locked 
to  the  master  laser.  This  frequency  stabilization  is  accomplished  without 
introducing  optical  elements  into  the  slave  laser  cavity  and  requires  a 
relatively  simple  feedback  loop.  Injection-locking  is  a  powerful  technique  for 
reducing  the  frequency  noise  of  a  high-power  laser  oscillator.^ 


Phase 


Fig.  4.  Schematic  of  injection  locked  ring  cavity  utilized  for  single 
frequency  operation  of  the  high  power  laser.  Included  in  the 
schematic  are  the  phase  modulator  and  RF  electronics  required 
for  Pound-Drever  locking  of  the  NPRO  to  the  slave  laser. 


We  have  converted  the  standing- wave  cavity  shown  in  figure  3  to  a  ring 
cavity  and  injection  locked  the  laser  with  a  300  mW  NPRO  to  obtain  single 
frequency  operation  as  presented  in  figure  4.  The  injection  locked  laser 
produces  20  Watts  of  output  power,  at  190  W  of  diode-laser  pump  power,  in 
single  axial  mode  and  has  remained  injection  locked  for  an  hour  without 
operator  intervention. 
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c.  A  96  W  multi-mode  diode-laser-pumped 
Nd:YAG  minislab  laser 

The  ability  to  scale  the  zig-zag  slab  laser  geometry  to  higher  powers  was 
demonstrated  in  a  simple  modular  laser  design  based  on  our  experience  with 
the  minislab  laser  heads  described  in  the  previous  sections.  We  built  a  second 
fiber  coupled  diode-laser-pumped  laser  head  identical  to  the  existing  laser  head, 
an  additional  25  fiber  coupled  diode  lasers  were  purchased.  Figure  5  shows  the 
results  of  a  high  power  laser  oscillator  with  two  identical  laser  heads  end-to-end 
in  a  linear  laser  cavity.  With  both  laser  heads  aligned  in  this  dual  head 
configuration  a  total  output  power  of  96  watts  was  measured  with  a  pump 
power  of  437  watts.  The  slope  efficiency  was  25%  and  a  threshold  at  50  watts 
pump  power  was  observed.^ 


0  100  200  300  400  500 

Diode  Pump  Power  (W) 


Fig.  5.  Multimode  output  power  of  the  single  slab  and  dual  slab 
oscillator. 


This  technique  for  power  scaling,  although  a  useful  demonstration,  does 
not  take  advantage  of  the  zig-zag  slab  laser  geometry.  By  doubling  the  length 
of  the  laser  medium,  the  residual  cylindrical  thermal  lens  is  made  stronger  in 
this  configuration.  Techniques  to  compensate  for  this  increased  thermal  effect, 
such  as  rotating  the  second  laser  head  by  90  degrees,  have  been  effective  in  rod 
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geometry  lasers.  The  slab  geometry  also  provides  several  techniques  for 
scaling  to  higher  powers  through  redesign  of  the  slab  dimensions  and 
modification  of  the  laser  head.  The  slab  width  could  be  doubled  for  the  original 
length  slab,  the  pump  power  doubled  to  the  437  W  level,  and  the  mode  volume 
of  the  cavity  increased  to  extract  power  to  the  100  W  level.  However, 
potentially  the  most  useful  method  for  power  scaling  is  the  use  of  amplifiers  to 
increase  the  power  after  a  stable  laser  oscillator.  Power  scaling  through  the 
use  of  a  master  oscillator  power  amplifier  (MOP A)  configuration  is  a  standard 
technique  for  high  power  operation  in  pulsed  laser  systems.  Preliminary 
experiments  evaluating  cw  amplification  have  been  completed  and  are 
described  below. 


d.  A  20  W  CW  diode-laser-pumped  TEMoo 
Nd:YAG  minislab  amplifier 

The  use  of  a  master  oscillator  and  power  amplifiers  (MOPA) 
configuration  is  a  standard  technique  for  building  high  power  pulsed  laser 
sources.  Due  to  the  very  high  gains  of  pulsed  laser  sources  single  or  multiple 
pass  amplification  is  an  important  technique  for  high  power  operation. ^ 
However,  in  cw  laser  systems  the  gain  is  usually  to  low  to  consider  cw 
amplification.  The  development  of  high  gain  diode-laser-pumped  solid  state 
lasers,  such  as  the  Stanford  diode-pumped  minislab  laser,  has  allowed  for 
compact  high  gain  cw  laser  development.  While  the  cw  laser  gain  is  still  much 
lower  than  traditional  pulsed  laser  gains  the  cw  gain  is  now  high  enough  to 
consider  cw  amplification  as  a  viable  alternative  to  building  very  high  power 
oscillators. 

The  Franz-Nodvik  equation  describing  the  operation  of  amplifiers  as  a 
function  of  gain,  amplifier  length,  saturation  intensity  and  the  incident 
intensity  is  well  known^  and  preliminary  experiments  have  been  completed  to 
demonstrate  the  operation  of  the  cw  amplifiers.  Shine  initially  demonstrated  a 
cw  NdtYAG  slab  amplifier  utilizing  the  two  laser  heads  described  in  the 
previous  sections.  One  laser  head  was  configured  as  a  40  W  multimode  laser 
oscillator  and  the  second  head  was  used  as  a  single  pass  amplifier.  The 
amplifier  operated  with  a  small  signal  gain  of  e^-^  or  240  %  per  pass.  For  40  W 
of  input  power  the  single  pass  amplifier  generated  64  W  of  output  power  for  a 
partially  saturated  single  pass  power  gain  of  60  This  demonstrated 
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effective  power  extraction  from  a  single  pass  amplifier  in  the  saturated 
amplifier  regime. 

An  additional  demonstration  of  the  operation  of  the  amplifier  as  a 
multipass  device  for  more  efficient  power  extraction  was  completed.  Starting 
with  a  commercial  multiaxial  mode  8.5  W  diode-laser-pumped  oscillator,  a 
triple-pass  amplifier  system  was  demonstrated.  Utilizing  an  angle¬ 
multiplexing  technique  for  separating  different  amplifier  passes  by  allowing  a 
different  number  of  TIR  bounces  in  the  slab  we  generated  20  watts  output 
power  for  7  watts  incident  on  the  first  pass  of  the  amplifier.  This  angle¬ 
multiplexing  technique  will  be  replaced  by  a  simpler  polarization  coupling 
scheme  in  future  amplifier  systems  when  new  slabs  are  available  without 
brewster  angle  faces. 

These  demonstrations  provide  experimental  verification  of  the 
amplification  theory  and  provide  the  insights  required  to  develop  high  gain  cw 
amplifiers  for  the  next  generation  high  power  laser  systems. 

e.  A  20  W  average  power  Q-switched  NdrYAG 
minislab  laser 

High  repetition  rate,  high  average  power  laser  sources  are  required  for  a 
variety  of  applications  including;  free  space  coherent  commimications,  infrared 
coimtermeasures,  target  imaging  or  profiling,  and  efficient  nonlinear  frequency 
conversion  devices.  The  slab  lasers  developed  for  cw  applications  are  well 
suited  for  pulsed  operation  at  high  repetition  rates,  where  the  thermal  effects 
are  the  same  as  in  the  cw  case.  Q-switching  at  these  repetition  rates,  typically 
from  10-100  kHz  for  Nd:YAG,  is  typically  achieved  by  installing  an  acousto¬ 
optic  (AO)  Q-switch  in  the  system  oscillator.  Figure  6  shows  the  experimental 
results  of  the  water-cooled  Nd:YAG  slab  laser  oscillator  as  an  AO  Q-switched 
laser  generating  20  watts  average  power  at  14  kHz.  At  20  kHz  an  average 
power  of  19  W  and  a  pulse  energy  of  1.9  mJ  was  demonstrated.  The  pulse 
length  was  measured  to  be  below  100  ns  in  this  configuration.  These  10  kW 
peak  powers  makes  this  AO  Q-switched  laser  a  useful  source  for  many 
nonlinear  optical  frequency  conversion. 
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Acousto-Optically  Q-switched  Nd:YAG  Slab  Laser  Experimental  Results 
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Fig.  6.  Peak  power  and  high  average  power  operation  of  an 
acousto-optically  Q-switched  Nd:YAG  slab  laser  oscillator.  The 
low  loss  acousto-optic  Q-switch  allows  the  oscillator  to  operate  at 
an  average  power  equal  to  the  cw  operating  point. 

2.  Efficient  Nonlinear  Frequency  Conversion  in  PPLN 

In  a  quasi-phasematched  (QPM)  material  phase  velocity  mismatch 
between  the  fundamental  and  the  second  harmonic  is  compensated  by 
modulating  the  nonlinear  coefficient  with  a  period  twice  the  coherence  length  of 
the  interaction.  ^Thus  any  interaction  within  the  transparency  range  of  the 
material  can  be  noncritically  phasematched  at  a  specific  temperature  and  the 
interacting  waves  can  be  chosen  so  that  coupling  occurs  through  the  largest 
element  of  the  c^^)  tensor.  However,  implementation  of  QPM  requires  a 
fabrication  method  that  can  achieve  uniform  micron-scale  periodic  structures 
while  preserving  the  materials  transparency,  nonlinearity  and  power  handhng 
capacity.^ 

Yamada’s  electric-field  pohng  success  led  Byer  and  Fejer  to  initiate  an 
electric-field  poling  study  at  the  Center  for  Nonlinear  Optical  Materials  at 
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Stanford  University  in  March  of  1992.  By  September  1993,  Myers  inverted 
domains  at  room  temperature  in  1/2  mm  thick,  LiNbOs  wafer  sample  without 
dielectric  breakdown.  Standard  lithographic  techniques  and  custom  designed 
electrodes  for  electric  field  poling  are  used  to  fabricate  domains  in  a  controlled 
pattern  necessary  for  nonlinear  optical  applications.  In  March  of  1994,  a 
sample  5  mm  in  length  was  tested  by  difference  frequency  mixing  and  was 
shown  to  be  of  high  optical  quality.  By  early  summer  of  1994,  the  first  QPM 
OPO  had  been  demonstrated  in  bulk  periodically  poled  lithium  niobate 
(PPLN).ii 

Progress  in  the  preparation  of  PPLN  continued  with  phasematching 
lengths  increasing  from  5  mm  to  9  mm  and  then  to  15  mm  by  the  end  of  1994. 
Today  25  mm  lengths  are  being  prepared  with  nearly  100%  yield.  Fiirther,  the 
material  has  proven  to  be  of  very  high  optical  quality  with  losses  of  the  order  of 
bulk  lithium  niobate.  The  high  optical  quality,  coupled  with  large  nonlinear 
coefficient  used  in  the  PPLN  QPM  interaction,  led  to  the  first  cw  diode  pumped 
OPO  using  PPLN12 

PPLN  is  capable  of  handling  peak  fluence  levels  of  IJ/cm^  and  cw 
average  power  levels  in  excess  of  10  MW/cm^.  With  crystals  only  1/2  mm 
thick,  over  10  mJ  of  pulse  energy  can  be  accommodated  without  optical 
fracture.  For  the  same  size  sample,  more  than  1  kW  of  cw  average  power  can 
be  handled  without  damage  to  the  lithium  niobate.  The  PPLN  material  is 
also  capable  of  generating  output  wavelengths  as  short  as  390  nm  in  the  UV. 
To  accomplish  the  phasematching  to  this  short  wavelength,  the  domain  must 
be  inverted  with  3|im  periods.  Electric-field  poling  at  room  temperature  has  to 
date  allowed  poling  to  6  |xm  periods,  a  period  suitable  for  the  harmonic 
generation  of  532  nm  from  the  1064  nm  fundamental. 

a.  A  CW  singly  resonant  optical  parametric 
oscillator 

OPO's  convert  a  pump  wave  frequency  into  two  frequency  waves  in  a 
second  order  nonlinear  optical  material.  Energy  conservation  defines  the 
waves  frequency  relationship,  Wg  +  wi  =  Wp,  where  wg  is  the  generated  signal 
wave,  wi  is  the  generated  idler  wave,  and  Wp  is  the  pump  wave  frequency. 
Tunability  is  achieved  by  phasematching  for  the  desired  frequency  generation. 
Conventional  OPOs  rely  on  temperature  or  angle  tuning  for  phasematching. 
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PPLN  can  be  engineered  with  different  domain  periods  to  control  the  frequency 
range  of  the  generated  waves  at  a  given  temperature. 

CW  operation  of  a  singly  resonant  oscillator  (SRO)  is  known  to  be 
stable,  but  with  a  high  threshold.  Only  recently  have  OPO  materials  such  as 
PPLN  demonstrated  enough  gain  to  consider  SROs  as  practical  devices.  Using 
a  50  mm  PPLN  crystal,  with  29.75  pm  periods,  AR  coated  at  the  signal 
wavelength  of  1.54  mm,  and  heated  to  175  C,  Myers  demonstrated  a  SRO 
threshold  less  than  3  W.  An  output  power  of  0.4  W  at  1.57  pm  and  2.5  W  at 
3.3  pm  was  demonstrated  with  a  pump  power  of  4  W  at  1.064  pm.l^  With  the 
proper  optics  a  PPLN  SRO  pumped  by  the  1064  nm  Nd:YAG  laser  line  can 
generate  tunable  radiation  from  1.3  -  4.5  pm,  limited  at  the  long  wavelengths 
by  the  transparency  range  of  lithium  niobate. 


Fig.  7.  Experimental  set-up  for  multigrating  QPM  OPO  and  the 
OPO  tuning  function  achieved  by  translating  the  PPLN  crystal 
through  24  different  grating  sections.  Fine  tuning  is  accomplished 
by  crystal  temperature  adjustment.  Phasematching  is 
noncritical  for  all  points.  No  reahgnment  is  necessary. 

Figure  7  shows  the  operation  of  a  cw  Optical  Parametric  Oscillator 
(OPO)  which  tunes  across  the  1.4  to  4.5  pm  spectral  region  by  moving  the 
crystal  through  the  resonator  cavity.  In  this  case,  the  engineered  nonlinear 
crystal  has  25  OPOs  on  a  single  Lithium  Niobate  chip,  each  with  a  slightly 
different  grating  pitch.  The  OPO  operated  for  over  six  months  without 
optical  damage  showing  a  high  degree  of  reliability.  These  results  are 
indicative  of  the  potential  to  frequency  convert  Nd:YAG  lasers  at  high 
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efficiency,  and  potentially  at  high  average  power,  to  generate  tunable  output 
across  the  near  infrared. 


b.  532  nm-pumped  optical  parametric  oscillator 

A  PPLN  SRO,  pumped  by  532  nm  doubled  Nd:YAG  can  generate 
radiation  from  the  visible  to  the  mid-IR.  Initial  experiments  utilizing  a 
commercial  5  W  TEMoo  multilongitudinal  mode  532  nm  pump  laser  and  a  5  cm 
long  0.5  mm  thick  PPLN  crystal  demonstrated  an  SRO  operating  with  a  1  W 
threshold,  and  0.9  W  of  idler  output  for  4.3  W  of  pump.^^  The  pump  beam  was 
chopped  with  a  50%  duty  cycle  to  reduce  the  thermal  loading  of  the  PPLN 
crystal.  Continuous  tuning  from  953-1000  nm  for  the  signal  and  1160-1234 
nm  for  the  idler  was  demonstrated.  This  low  threshold  demonstration  sets  the 
stage  for  device  development  based  on  tunable  PPLN  SRO  technology  that 
can  be  coupled  to  commercial  pump  lasers  for  1  W  level  operation.  Figure  8 
shows  the  OPO  output  wavelength  as  a  function  of  crystal  temperature  for  the 
532  nm  pumped  singly-resonant  OPO. 


Temp  (C) 

Fig.  8.  Output  wavelength  vs  crystal  temperature  for  CW  532 
nm-piunped  PPLN  singly-resonant  OPO. 
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c.  Single  pass  efficient  second  harmonic 
conversion 

A  recent  breakthrough  in  PPLN  technology  for  second  harmonic 
generation  of  532  nm  radiation  from  the  1064  nm  NdrYAG  fundamental  was 
recently  demonstrated.^^  A  5  cm  PPLN  crystal  with  domain  periods  of  6.4 
microns  was  fabricated  for  this  SHG  experiment.  Figure  9  shows  the  2.4  W 
532  nm  cw  output  power  converted  from  a  6  W  1064  nm  Nd:YAG  laser  in  a 
single  pass  SHG  experiment.  The  40%  conversion  efficiency  for  single  pass  cw 
SHG  is  a  world  record  and  opens  the  door  for  simple  SHG  devices  without  the 
need  for  external  resonators  or  intra-cavity  doubhng. 


Single-pass  CW  Second  Harmonic  Conversion 


Internal  Fundamental  Power  (W) 


Fig.  9.  CW  single-pass  second  harmonic  generation  internal 
conversion  efficiency  and  internal  second  harmonic  power  for  a 
5.3  cm  long  uncoated  PPLN  sample.  This  represents  the  highest 
cw  single  pass  SHG  conversion  efficiency  to  date. 
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Abstract 

We  have  designed  a  low  loss  mounting  scheme  for  zig¬ 
zag  slab  lasers.  This  scheme  includes  a  Teflon®  AF 
coating  to  protect  the  slab  total  internal  reflection 
(TIR)  surfaces.  In  addition,  the  slab  is  conduction 
cooled  through  a  window  to  isolate  the  water  flow 
from  the  slab  surfaces.  This  design  was  initially  tested 
on  a  line-pumped  slab  laser  which  operated  with  5 
watts  of  output  power  at  a  pump  power  of  28  watts. 
The  laser  operated  in  a  TEMqo  mode  at  all  powers. 
The  low  loss  protective  coating  allowed  this  laser  to 
operate  on  the  lower  gain  line  of  Nd:YAG  at  1.32, 
with  1.1  watt  of  output  power  at  the  same  pump 
power.  Since  that  time,  a  higher  power  laser  has  been 
built.  This  laser  operates  with  a  20%  slope  efficiency, 
with  an  output  power  of  30  watts  at  a  pump  power  of 
160  watts. 


Introduction 

One  of  the  goals  of  our  laser  development  program  is 
to  design  and  build  a  laser  that  meets  the  specifications 
for  the  Laser  Interferometer  Gravity-Wave  Observatory 
(LIGO)  program.[l]  The  LIGO  requirements  include 
single-frequency,  polarized,  fundamental-mode  output 
at  high  power  (=100  watts)  in  continuous-wave 
operation.  In  our  effort  to  demonstrate  such  a  laser, 
we  have  begun  by  building  lasers  in  the  5  to  10  watt 
range  to  test  design  ideas  before  implementing  them  in 
the  more  complicated  and  expensive  high  power  laser. 
In  this  paper  we  discuss  the  design  and  operation  of  a 
Nd:YAG,  zig-zag  slab  laser  pumped  with  28  watts  of 
diode-laser  power.  A  novel  feature  of  this  laser  is  a 
low  loss,  low  cost  Teflon®  AF  polymer  protective 
coating  applied  to  the  total  internal  reflection  (TIR) 
surfaces  of  the  slab  laser  material. [2]  This  coating 
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keeps  the  round-trip  cavity  losses  low,  allowing  the 
laser  to  operate  efficiently  even  with  side-pumping. 
We  have  obtained  5  watts  of  output  power  at  1.06  jim 
in  a  TEMqo  mode.  The  threshold  was  3.4  watts  and 
the  slope  efficiency  was  19%  with  a  4%  output 
coupler.  In  addition,  the  low  cavity  losses  allow  the 
laser  to  operate  on  the  lower  gain  line  at  1.32  |im, 
although  the  efficiency  suffers.  We  have  obtained 
output  powers  up  to  l.l  watt  at  1.32  pm,  again  in  a 
TEMqo  mode. 

Laser  Design 

Many  of  the  laser  design  choices  are  dictated  by 
the  application.  We  chose  to  fiber-couple  the  diode- 
laser  pump  sources  to  improve  the  system  reliability. 
However,  fiber-coupling  reduces  the  brightness  of  the 
pump  source  and  requires  a  side-pumped  design.  Our 
pump  sources  are  Spectra  Diode  Labs  SDL-3490-P5 
diode  lasers  with  0.4  N.A,  400  pm  core  fibers. [3]  We 
also  chose  to  use  a  Brewster  angle,  zig-zag  slab  design 
over  a  rod  for  its  greater  thermal  handling  capabilities. 
In  a  true  uniformly  pumped  zig-zag  slab,  the  rectilinear 
geometry  minimizes  depolarization  loss  while  the  zig¬ 
zag  optical  path  averages  the  thermal  gradient  to  reduce 
thermal  lensing.[4]  In  the  past,  most  slab  lasers  were 
operated  pulsed  with  a  multi-transverse  mode  structure. 
The  transverse  mode  structure  filled  the  slab  volume 
well  and  pulsed  operation  created  high  peak  gains  for 
efficient  operation.  In  order  to  improve  beam  quality, 
unstable  resonators  can  be  used. [5]  At  high  cw  powers 
and  in  pulsed  systems  the  gain  is  high  enough  to  run 
an  unstable  resonator  with  a  large  mode  to  fill  a  large 
aspect  ratio  slab.  At  lower  cw  powers,  between  3  and 
20  watts,  the  gain  is  not  high  enough  to  run  an 
unstable  resonator  effectively,  so  we  could  not  operate 
a  true  zig-zag  slab  laser  with  uniform  pumping. 
Instead,  we  chose  to  focus  the  pump  power  onto  a 
narrow  stripe  along  the  slab.  We  achieved  roughly  1 : 1 
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focusing  of  the  pump  fibers  using  two  spherical  f/1 
lenses.  This  allowed  us  to  run  a  stable  cavity  mode 
and  thus  to  efficiently  extract  the  pump  power  in  a 
TEMoo  mode.  The  slab  was  cooled  through  the  large 
pumped  surfaces,  just  as  in  a  true  zig-zag  slab  laser. 
However,  in  the  side-pumped  line  design,  there  will  be 
a  cylindrical  thermal  lens  and  possibly  some  thermal 
aberrations  in  the  non-zig-zag  plane.  The  slab 
thickness  was  chosen  to  be  roughly  half  an  absorption 
depth  to  reduce  the  thermal  gradient  while  absorbing  a 
reasonable  amount  of  the  pump.  The  residual 
transmitted  pump  power  was  retroreflected  using  an  f/l 
mirror  to  refocus  the  pump  for  a  second  pass  through 
the  slab. 

As  mentioned,  we  built  this  5  watt  laser  before 
building  the  high  power  diode-laser-pumped  slab  laser 
in  order  to  test  design  ideas.  Specifically,  we 
investigated  ideas  for  mounting  and  cooling  the  slab. 
We  decided  not  to  use  direct  water  cooling  at  the  slab 
surface  for  a  few  reasons  although  mostly  because  it  is 
difficult  to  seal  the  Brewster-angle  zig-zag  slab  laser 
with  0-rings  while  not  disturbing  the  TIR  bounce  at 
the  surface,  especially  in  the  miniature  slab  laser  we 
have  built.  Instead,  we  chose  to  directly  conduction 
cool  the  slab  through  MgF2  windows.  Water  flows 
behind  this  window  to  remove  the  heat,  but  does  not 
interact  with  the  slab  TIR  surface.  MgF2  is  readily 
available,  optically  clear  at  the  pump  wavelength, 
easily  polished,  has  a  low  refractive  index  of  1.37,  a 
relatively  high  thermal  conductivity  of  21  W  m’^ 
and  is  inexpensive.[6]  The  low  refractive  index  is  not 
necessary  to  preserve  the  TIR  bounce  in  the  slab  since 
we  applied  a  protective  coating  to  the  slab  surface,  but 
it  does  reduce  Fresnef  reflections  of  the  pump  light.  In 
the  future  the  windows  could  be  AR  coated  to  avoid 
reflection  of  the  pump. 

To  preserve  the  TIR  reflection  in  the  zig-zag  slab, 
we  designed  a  simple,  low  cost  coating.  A  hard  Si02 
coating  a  few  microns  thick  has  been  used  in  the  past 
for  this  purpose[7]  but  instead  we  used  a  Teflon®  AF 
polymer  recently  developed  by  DuPont.  The  Teflon® 
AF  polymer  has  alfthe  advantages  of  Teflon®  but  is 
optically  clear  and  is  soluble  in  perfluorinated 
solvents.[2]  To  create  the  protective  coating,  we  used 
a  solution  of  the  Teflon®  AF  polymer  in  a 
Fluorinert®  solvent  made  by  3M.[8]  The  solution 
was  applied  to  the  TIR  faces  of  the  slab  and  the 
solvent  was  allowed  to  evaporate.  This  Teflon®  AF 
coating  is  quite  durable,  we  have  noticed  no 
degradation  in  laser  power  during  use.  In  addition  the 
coating  can  be  removed  simply  by  redissolving  the 
Teflon®  AF  in  the  Fluorinert®  solvent.  The 
protective  coating  works  well,  giving  a  round-trip 
cavity  loss  between  1  and  1.7%  as  measured  using  the 
Findlay-Clay  method. [9]  This  cavity  loss  includes 
TIR  loss  for  10  bounces  in  the  slab,  bulk  scatter  and 
absorption  loss  for  a  beam  path  of  2.7  cm  in  the  gain 


medium,  residual  depolarization  loss,  mirror  scatter  and 
clipping  loss.  A  similar  laser  using  Nd:YAG  from  the 
same  source  but  without  any  protective  coating  has  a 
measured  cavity  loss  of  5. 6%. [10]  It  is  the  low  loss 
design  of  this  laser  which  allows  it  to  operate 
efficiently  at  1.06  |im  even  in  a  side-pumped 
geometry.  The  low  loss  also  allows  the  laser  to 
operate  on  the  lower  gain  1.32  [im  line,  although  with 
reduced  efficiency  due  to  the  lower  quantum  defect  and 
a  lower  output  coupler  value. 

Experimental  Results 

A  simple  near-hemispherical  cavity  was  used 
in  all  of  the  experiments  described  here.  The  curved 
mirror  (R  =  I  meter)  was  placed  as  close  as  possible  to 
the  gain  medium  while  the  flat  mirror  was  located 
roughly  20  cm  away.  To  characterize  the  laser 
performance  at  1.06  |im,  we  measured  the  output 
power  as  a  function  of  input  pump  power,  as  shown  in 
fig.  1.  We  obtained  a  maximum  power  of  4.8  watts. 
The  threshold  power  was  3.4  watts  and  the  slope 
efficiency  was  19%  with  a  4%  output  coupler. 
Because  of  the  standing-wave  cavity  design,  the  laser 
operates  in  several  axial  modes.  Longitudinal-mode 
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Figure  1 .  Diagram  showing  the  output  power  at  1 .06 
|im  vs.  diode  pump  power.  The  slope  efficiency  was 
19%  with  a  threshold  of  3.4  W. 

beating  was  observed  on  an  RF  spectrum  analyzer  at 
the  expected  TEMqo  spacing.  No  evidence  of 
transverse-mode  beating  was  observed  within  the 
experiment's  dynamic  range  of  40  dB.  Because  of  the 
Brewster  angle  slab  design,  the  laser  operates  in  a 
single  polarization  with  a  polarization  ratio  of  greater 
than  500:1.  Using  a  knife-edge  to  measure  the  beam 
waist,  we  find  an  of  1.07  in  the  horizontal  zig-zag 
direction  and  1.2  in  the  vertical  direction.  It  is  not 
surprising  that  the  horizontal  direction  has  a  lower 
value  since  the  zig-zag  optical  path  averages  out  the 
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thermal  distortion.  The  laser  operated  in  a  TEMqo 
mode  at  all  powers. 

We  also  investigated  operation  of  the  laser  at 
1.32  |im  by  changing  the  cavity  mirrors.  The 
reflectivity  of  the  mirrors  were  measured  on  a 
spectrophotometer.  Both  mirrors  were  coated  for 
operation  at  1.32  pm  and  were  highly  transmis.sive  at 
1.06  pm  to  prevent  operation  on  this  higher  gain  line. 
We  confirmed  that  the  output  was  indeed  at  the 
expected  wavelength  using  an  Ando  optical 
multichannel  analyzer.  The  output  power  versus 
pump  power  for  the  1.32  pm  laser  is  shown  in  fig.  2. 
A  maximum  power  of  1.1  watt  was  obtained.  With  a 
1.3%  output  coupler,  the  threshold  was  7.25  watts  and 
the  slope  efficiency  was  5%.  This  is  not  the  optimum 
output  coupling  for  the  laser  but  we  were  limited  in 
our  choice  of  optics  at  1.32  pm.  As  before,  the 
1.32  pm  laser  operates  in  a  TEMqo  mode  at  all 
powers.  This  was  confirmed  by  observing  the  beat 
note  on  an  InGaAs  detector  with  response  out  to  1.6 
pm. 


Figure  2.  Plot  showing  the  output  power  at  1.32  pm 
vs.  diode  pump  power.  The  slope  efficiency  was  5% 
with  a  threshold  of  7.25  W. 

Recently,  we  have  built  a  higher  power  laser 
using  the  laser  mounting  scheme  developed  at  the 
lower  powers  reported  above.  Again,  we  apply  a 
protective  coating  of  Teflon®  AF  to  the  slab  TIR 
surfaces  and  conduction  cool  these  surfaces  with  a 
water  cooled  copper  block.  The  pump  fibers  are  held 
in  this  copper  block  using  hypodermic  tubes  and  are 
butted  against  a  spacer  without  any  focussing  optics. 
The  fibers  are  distributed  to  make  the  pumping  as 
uniform  as  possible  over  the  slab  surface  to  take 
advantage  of  the  slab  design.  To  date  we  have  only 
obtained  preliminary  results  with  this  laser.  The 
measured  round  trip  cavity  loss  is  2.3%  which 
demonstrates  the  effectiveness  of  the  Teflon®  AF 
coating.  We  have  obtained  30  watts  of  output  power 


with  a  pump  power  of  160  watts.  The  threshold  was 
16  watts  with  a  slope  efficiency  of  20%.  The  mode 
structure  of  the  laser  has  not  been  determined  but  we 
believe  we  can  obtain  TEMqq  output  without  a 
significant  decrease  in  output  power. 


Figure  3.  Plot  showing  the  output  power  vs.  diode 
pump  power.  The  slope  efficiency  was  21%  with  a 
threshold  of  16  W. 

In  conclusion,  we  have  built  and  operated  a  5  watt 
1.06  jam  and  a  1  watt  1.32  pm,  cw,  TEMqq  mode, 
diode-laser  pumped,  Nd:YAG  slab  laser.  We  have 
developed  a  low  loss,  low  cost  Teflon®  AF  coating  to 
protect  the  total  internal  reflection  surfaces  of  the  slab 
laser,  resulting  in  efficient  operation  in  a  side-pumped 
design.  The  knowledge  we  have  gained  from  this 
lower  power  laser  has  been  applied  to  a  high  power, 
diode -laser- pumped  slab  laser  which  operates  at  the 
same  slope  efficiency  with  30  watts  of  output  power  at 
a  pump  power  of  160  watts. 
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We  have  built  a  diode-laser-pumped  Nd'YAG  slab  laser  that  emits  40  W  of  cw  po^r  in  a  TEMo©  mode  and  72  W 
of  power  in  multimode  operation  when  pumped  with  235  W.  The  slope  eflBciencieg  are  22%  for  TEMoo-mode 
operation  and  36%  for  multimode  operation.  The  laser  uses  a  zigzag  slab  geometry  to  reduce  thermally  induced 
distortions  and  operates  at  less  than  one  wave  of  distortion  at  the  full  pump  power.  '  A  significant  advantage  of  our 
design  over  those  of  previous  slab  lasers  is  a  new  Teflon  AF  protective  coating  on  the  slab  total-intemal-reflection 
surfaces,  which  greatly  simplifies  the  mounting  and  cooling  of  the  slab  laser  medium. 


Gravitational-wave  interferometric  receivers  and 
high-power  resonant  nonlinear  optical  interactions 
require  an  efficient  laser  that  provides  many  tens  of 
watts  in  a  nearly  diffraction-limited  mode.  Previ¬ 
ous  attempts  to  build  high-power,  high-beam-quality 
lasers  have  t]^ically  used  a  rod  laser  design,  with  ei¬ 
ther  end  or  side  pumping.  ^  ^  However,  at  high  pow¬ 
ers  thermal  lensing,  stress  birefringence,  and  biaxial 
focusing  degrade  laser  performance.  The  zigzag  slab 
design  is  known  to  reduce  thermally  induced  effects^ 
but  has  been  avoided  because  of  slab  fabrication  and 
mounting  difficulties.  In  addition,  the  zigzag  slab 
geometry  typically  produces  a  multimode  rectangu¬ 
lar  output  beam  that  is  not  useful  for  applications 
requiring  high  beam  quality.  In  this  Letter  we  de¬ 
scribe  a  diode-laser-pumped,  cw,  Nd:YAG  zigzag  slab 
laser  that  efficiently  produces  a  TEMoo  mode  with 
a  simple  water-cooled  laser  head  design.  Although 
the  slab  laser  design  has  been  used  successfully  in 
diode-laser-pumped  pulsed  laser  systems,^*®  this  is 
to  our  knowledge  the  first  implementation  of  a  uni¬ 
formly  face-pumped,  face-cooled,  cw,  diode-pumped 
slab  laser. 

The  goal  of  our  design  is  to  produce  a  laser  op¬ 
erating  at  many  tens  of  watts  with  minimal  thermal 
lensing  and  stress  birefringence.  By  reduction  of  the 
thermal  loading  effects  at  these  high  pump  powers, 
the  laser  should  operate  with  good  efficiency  and  reli¬ 
ability  in  a  TEMoo  mode.  By  minimizing  the  thermal 
lensing,  we  can  design  a  simple  resonator  that  oper¬ 
ates  well  into  the  stability  region  while  still  having  a 
TEMoo -mode  size  large  enough  to  extract  the  power 
efficiently.  In  addition,  the  laser  head  design  is  sim¬ 
ple,  making  it  easy  to  assemble  and  disassemble. 

Figure  1  shows  a  schematic  of  the  laser  head.  The 
Nd:YAG  slab  is  mounted  in  an  aluminum  frame  and 
sealed  at  both  ends.  We  place  the  0-rings  just  as 
one  would  place  0-rings  on  a  rod  with  no  care  taken 
to  locate  the  0-rings  away  from  a  bounce  point  since 
the  slab  is  protected  by  a  low-index  coating.  We 
insulate  the  top  and  bottom  of  the  slab  by  placing 
gold-coated  glass  microscope  slides  in  contact  with 
the  Nd:YAG  slab.  The  glass  slides  are  coated  on  the 
back  with  a  thin  RTV  silicone  layer  for  stress  relief. 


The  last  two  sides  of  the  frame  contain  the  fiber  pump 
modules.  The  Nd:YAG  slab  is  water  cooled  with 
2-mm-thick  water  channels  flowing  between  the  slab 
surfaces  and  the  brass  fiber  holders.  The  water 
flows  at  a  rate  of  1  IVmin,  and  the  Reynolds  num¬ 
ber  and  flow  geometry  were  selected  to  make  the 
flow  turbtilent.  The  fibers  are  isolated  firom  the  wa¬ 
ter  flow  by  a  0.5-mm  antireflection-coated  sapphire 
window  glued  onto  the  brass  mount.  The  assembly 
of  this  laser  head  is  simple  and  typically  takes  less 
than  10  min. 

Compared  with  lamp  pumping,  diode-laser  pump¬ 
ing  offers  high  electrical-to-optical  efficiency,  long 
lifetimes,  and  good  spectral  overlap  with  the  absorp¬ 
tion  bands  of  solid-state  lasers.®  This  last  feature 
is  especially  useful  because  it  reduces  the  thermal 
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Fig.  1.  Schematic  of  the  laser  head.  The  thick  black 
lines  on  the  glass  slides  and  the  brass  fiber  holders 
represent  gold  coatings  for  confining  the  pump  light. 
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loading  of  the  slab.  In  addition,  we  have  chosen  to 
use  fiber-coupled  diode  lasers  rather  than  bare  diode 
bars.^'®  Although  this  reduces  the  overall  system 
efficiency,  it  increases  the  reliability  of  the  design 
as  well  as  simplifying  the  engineering.  The  diode 
lasers  can  be  mounted  on  a  water-cooled  block  well 
away  from  the  laser  head,  thus  separating  the  heat 
loads.  Two  simple  clamps  hold  all  the  fibers  in  the 
laser  head  assembly,  reducing  the  laser  head  size 
and  complexity.  The  pump  sources  for  our  laser  are 
25  Spectra  Diode  Laboratories  SDL-3450-P5  fiber- 
coupled  diode  lasers.  Each  600-/im,  0.4-N.A.  fiber 
emits  9.5  W  of  power  for  a  total  of  235  W  at  the  slab. 
An  additional  fiber-to-fiber  junction  to  provide  easy 
disassembly  accounts  for  a  5%  power  loss  from  each 
diode  laser. 

The  anticipated  pump  power  levels  and  desired 
gain  can  be  used  to  determine  the  slab  dimensions. 
The  slab  cross-sectional  area  determines  the  laser 
gain,  while  the  pump  power  per  unit  length  is  lim¬ 
ited  by  stress  fractime  of  the  material.  Other  factors 
to  consider  include  the  thermal  gradient  created  by 
the  pump  absorption,  the  Nd:YAG  absorption  depth, 
and  resonator  designs  for  efficient  TEMoo-mode  oper¬ 
ation.  Given  these  criteria,  we  chose  a  slab  with  a 
thickness  of  1.7  mm,  a  width  of  1.8  mm,  and  a  center- 
line  length  of  58.9  mm.  This  length  corresponds  to 
22  total-intemal-reflection  (TIR)  bounces  and  is  cho¬ 
sen  to  operate  at  50%  of  the  stress  fractxire  limit  at 
the  full  pump  power  of  235  W.^  Although  we  do  not 
take  full  advantage  of  the  slab  design  because  of  the 
small  aspect  ratio,  we  still  minimize  the  effects  of 
stress  birefringence  and  thermal  lensing  and  obtain 
a  nearly  diffraction-limited  mode  with  good  efficiency. 

For  the  benefits  of  the  slab  design  to  be  obtained, 
the  laser  gain  medium  must  be  efficiently  and  uni¬ 
formly  pumped.  The  interior  surface  of  the  brass 
fiber  holder  has  been  polished  and  gold  coated.  The 
fiber  locations  are  chosen  to  increase  both  the  reflec¬ 
tivity  of  the  unabsorbed  pump  power  from  the  oppo¬ 
site  fiber  holder  and  to  increase  the  pump  uniformity. 
The  2.5-mm  space  between  the  fiber  ends  and  the  slab 
face  and  the  high  N.A.  of  the  fibers  also  act  to  improve 
the  uniformity  of  the  pump  power  deposition  within 
the  Nd:YAG  slab.  The  glass  insulator  is  gold  coated 
to  confine  the  pump  light  and  increase  the  absorption 
by  the  NdTAG  slab.  We  anticipated  a  minor  cylin¬ 
drical  lens  because  of  nonideal  insulation  on  the  top 
and  bottom  of  the  slab  laser. 

To  overcome  the  difficulty  of  mounting  a  zigzag  slab 
laser  created  by  the  TIR  bounce  points,  we  have  de¬ 
veloped  a  new  coating  for  these  surfaces. Pre¬ 
vious  workers  have  used  dielectric  coatings,  t)TDically 
Si02,  as  a  protective  coating,  However,  these  thick 
coatings  can  be  difficult  and  expensive  to  apply.  The 
coatings  we  use  is  a  new  fluoropolymer,  Teflon  AF 
1600,  developed  by  duPont.  This  polymer  is  optically 
clear  throughout  the  visible  and  near-IR  regions  of 
the  spectrum,  has  a  refractive  index  near  1.3,  and 
is  soluble  in  perfluorinated  solvents.  We  apply  this 
protective  layer  to  a  cleaned  Nd:YAG  slab  surface 
by  painting  the  surface  with  the  Teflon  AF  solution. 
The  solvent  evaporates  within  a  few  minutes,  leaving 
a  protective  coating  3- 15  /xm  thick,  depending  on  the 


initial  concentration.  This  coating  prevents  evanes¬ 
cent  wave  coupling  at  the  TIR  interface  and  per¬ 
mits  direct  water  cooling  of  the  zigzag  slab  without 
wave-front  distortion.  It  also  eliminates  the  need  to 
locate  0-rings  away  from  TIR  bounce  points.  In  ad¬ 
dition,  the  coating  appears  durable;  we  have  noticed 
no  degradation  in  laser  operation  even  though  the 
Teflon  AF-coated  slab  has  been  continuously  sub¬ 
merged  in  cooling  water.  During  the  optimization  of 
the  laser  head,  the  Teflon  AT  coating  occasionally  had 
higher  losses  than  expected.  When  this  happens,  the 
laser  head  is  disassembled  and  the  slab  is  recoated. 
Complete  disassembly,  cleaning,  recoating  of  the  slab, 
and  reassembly  can  be  done  in  less  than  an  hour.  Fi¬ 
nally,  this  coating  introduces  minimal  loss  at  the  TIR 
bounces;  typical  losses  are  0.1 -0.2%  per  bounce. 

To  test  the  effectiveness  of  our  cooling  design,  we 
built  a  He-Ne  interferometer  around  the  slab  laser 
head  and  counted  fringes  as  the  pump  power  was 
varied.  The  interferometer  also  allowed  us  to  mea¬ 
sure  any  thermal  nonuniformity  by  observing  the 
curvature  of  the  fringe  pattern.  The  fringes  for  the 
unpumped  slab  are  flat  to  better  than  1/lOth  wave 
and  demonstrate  that  there  is  no  net  polishing  er¬ 
ror  or  mounting  stress.  There  is  a  minor  cylindrical 
lens  created  by  the  nonideal  insulation.  However, 
even  at  the  full  pump  power,  the  fringe  curvature  is 
less  than  1  wave  of  distortion.  This  curvature  cor¬ 
responds  to  a  weak  cylindrical  lens  of  approximately 
1-m  focal  length,  which  is  easily  compensated  by  the 
resonator  design. 

The  laser  was  initially  tested  with  a  short  confocal 
cavity.  This  cavity  consisted  of  a  20-cm  radius-of- 
curvature  highly  reflecting  mirror  placed  2  cm  from 
one  slab  end  and  a  flat  21%  output  coupler  placed 
11  cm  from  the  opposite  mirror.  We  calculated  the 
diode-laser  input  power  by  monitoring  the  current 
to  all  25  diode  lasers  and  converting  it  to  optical 
power  using  previous  calibration  measurements.  At 
a  pump  power  of  235  W,  the  zigzag  slab  laser  emit¬ 
ted  72  W  of  power  in  a  square,  multimode  beam. 
The  optical-to-optical  slope  efficiency  was  36%  with 
a  threshold  of  30  W. 

The  laser  was  then  operated  in  a  TEMoo-mode 
configuration.  We  obtained  the  best  performance 
by  using  a  three-mirror  folded  cavity,  as  shown  in 
Fig,  2.  The  asymmetric  thermal  lens  is  compen¬ 
sated  by  the  astigmatism  from  an  off-axis  concave 
mirror.  A  20-cm  radius-of-curvature  mirror  was  cho¬ 
sen  to  dominate  the  thermal  lensing  in  the  cavity, 
and  the  fold  angle  necessaiy  to  produce  TEMoo-mode 
operation  at  full  power  was  45*.  The  mode  size  in 
the  NdTAG  slab  is  500  fxm  and  can  be  changed  by 
small  displacements  in  the  short,  13-cm  leg.  It  is 
adjusted  so  that  clipping  around  the  Nd^YAG  slab 


Fig.  2.  Cavity  design  for  TEMoo-mode  operation. 
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Fig,  3.  Input -versus -output  curve  for  multimode 
(squares)  and  TEMoo-mode  (circles)  operation. 
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This  simplified  the  laser  head  design  and  allowed  us 
to  design  a  simple  water-cooled  structure  with  less 
than  one  wave  of  distortion  at  full  pump  powers  of 
235  W.  The  slightly  nonideal  loading  and  cooling 
of  the  slab  laser  created  a  minor  cylindrical  thermal 
lens  that  is  compensated  by  an  off-axis  concave  mir¬ 
ror.  Because  of  the  thermal  handling  benefits  of  the 
slab  laser  design,  this  laser  can  be  scaled  to  higher 
output  powers  with  appropriate  scaling  of  the  laser 
gain  medium. 
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prevents  higher-order  modes  from  oscillating.  We 
confirmed  TEMoo-mode  operation  by  displaying  the 
beat  note  from  a  fast  photodetector  on  a  spectrum  an¬ 
alyzer  as  well  as  monitoring  a  portion  of  the  output 
beam  with  a  scanning  slit.  At  most  power  levels, 
55%  of  the  multimode  power  could  be  obtained  in 
a  TEMoo  mode  by  appropriate  cavity  adjustment. 
We  obtained  40  W  of  power  in  a  TEMoo  mode  at  a 
pump  power  level  of  212  W.  The  slope  efficiency  for 
TEMoo-mode  operation  was  22%.  Figure  3  shows 
the  NdTAG  cw  output  power  versus  diode-laser 
input  power  for  both  multimode  and  TEMoo-mode 
operation.  The  value  was  measured  with  the 
knife-edge  technique  and  was  foimd  to  be  less  than 
1.3  in  both  directions.  The  output  is  polarized  as  a 
result  of  the  Brewster  slab  faces,  with  a  polarization 
ratio  of  better  than  100:1. 

In  the  future  we  plan  to  convert  the  standing-wave 
cavity  to  a  ring  cavity  and  injection  lock  the  laser 
to  obtain  stable,  single-frequency  operation.  The 
laser  can  then  be  used  as  a  source  for  nonlinear  optics 
experiments,  which  may  include  resonant  doubling  to 
the  green,  pumping  a  degenerate  optical  parametric 
oscillator  to  the  mid-IR,  and  gravitational-wave  in¬ 
terferometry  studies. 

In  summary,  we  have  built  and  demonstrated  a 
zigzag  slab  laser  that  emits  a  power  of  72  W  cw  mul¬ 
timode  when  pumped  with  235  W  and  a  power  of 
40  W  TEMoo  when  pumped  with  212  W  of  diode- 
laser  power.  We  obtained  reasonable  efficiency  for 
the  side-pumped  slab  design  by  confining  the  pump 
power  within  a  gold-coated  box  around  the  slab. 
This  also  created  a  uniform  thermal  loading  profile  in 
the  slab  laser  and  contributed  to  the  good  fringe  pat¬ 
tern.  The  mounting  and  cooling  problems  of  the  slab 
laser  design  were  overcome  by  development  of  a  new 
coating  technique  to  protect  the  slab  TTR  stufaces. 
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Abstract 

We  have  built  a  zig-zag  slab  laser  that  emits  40  W  cw 
in  a  TEMqo  mode  and  72  W  in  multimode  operation 
when  pumped  with  235  W.  In  addition,  we  have 
recently  injection-locked  the  laser  to  obtain  single 
frequency  operation  at  an  output  power  of  20  W  when 
pumped  with  165  W. 


Introduction 

Gravitational-wave  interferometric  receivers  and  high- 
power  resonant  non-linear  optics  require  an  efficient 
laser  that  provides  many  tens  of  watts  in  a  nearly 
diffraction-limited  mode.  At  these  high  power  levels, 
thermal  lensing,  stress  birefringence  and  biaxial 
focusing  can  degrade  laser  performance.  The  zig-zag 
slab  design  is  known  to  reduce  thermally  induced 
effects,[l]  but  has  been  avoided  due  to  slab  fabrication 
and  mounting  difficulties.  In  addition,  the  zig-zag  slab 
geometry  typically  produces  a  multimode  rectangular 
output  beam  which  is  not  useful  for  applications 
requiring  high  beam  quality.  In  this  letter  we  describe 
a  diode-laser-pumped,  cw,  Nd:YAG  zig-zag  slab  laser 
that  efficiently  produces  a  TEMoo  mode  with  a  simple 
water-cooled  laser  head  design.  The  laser  emits  40  W 
cw  in  a  TEMqo  mode  when  pumped  with  212  W  and 
72  W  in  multimode  operation  when  pumped  with 
235  W.  The  threshold  was  30  W  with  a  slope 
efficiency  of  22%  for  TEMqo  mode  operation  and 
36%  for  multimode  operation. 

Lasgr  P??isn 

Many  of  the  laser  design  choices  are  dictated  by  the 
application.  We  chose  diode  lasers  as  the  pump 


sources  for  their  high  electrical-to-optical  efficiency, 
long  lifetimes,  and  good  spectral  overlap  with  the 
absorption  bands  of  solid-state  lasers.  In  addition,  we 
chose  to  use  fiber-coupled  diode  lasers  rather  than  bare 
diode  bars.  Although  this  reduces  the  overall  system 
efficiency,  it  increases  the  reliability  of  the  design  as 
well  as  simplifying  the  engineering.  The  pump 
sources  for  our  laser  are  twenty  five  SDL-3450-P5 
fiber-coupled  diode  lasers  (SDL,  Inc.).  Each  600  |im, 
0.4  numerical  aperture  (N.A.)  fiber  emits  9.5  W  for  a 
total  of  235  W  at  the  slab.  An  additional  fiber  to  fiber 
junction  that  provides  easy  disassembly  accounts  for  a 
5%  power  loss  from  each  diode  laser. 

We  have  chosen  to  use  a  zig-zag  slab  laser  design 
because  of  the  thermal  handling  benefits  of  this  design 
at  high  power.[l]  To  obtain  these  benefits,  it  is  critical 
to  pump  and  cool  the  two  total  internal  reflection  (TIR) 
surfaces  as  uniformly  as  possible.  We  have  attempted 
to  achieve  uniform  thermal  loading  in  the  slab  by 
surrounding  the  Nd:YAG  slab  with  a  "gold  box."  The 
fiber  holders  are  gold  coated  and  the  fibers  are 
staggered  to  increase  the  reflectivity  of  the  unabsorbed 
pump  light.  In  addition,  the  glass  insulators  placed  in 
contact  with  the  slab  are  gold  coated.  The  Nd:YAG 
slab  is  water  cooled  with  a  flow  rate  of  0.5  liters  per 
minute.  We  found  that  water  cooling  was  necessary  to 
increase  the  heat  transfer  coefficient  from  the  slab. 
The  Nd:YAG  slab  has  a  thickness  of  1.7  mm,  a  width 
of  1.8  mm,  and  a  centerline  length  of  58.9  mm.  We 
chose  these  dimension  as  a  compromise  between  pump 
absorption,  thermal  gradient,  stress  fracture  limit  and 
gain  while  keeping  in  mind  resonator  designs  for 
efficient  TEMqq  mode  operation.  We  have  tested  the 
effectiveness  of  our  laser  head  design  by  viewing 
fringes  in  a  HeNe  interferometer.  The  fringes  for  the 
unpumped  slab  are  flat  to  better  than  1/lOth  wave  and 
demonstrate  that  there  is  no  net  polishing  error  or 
mounting  stress.  When  pumped,  there  is  a  minor 
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cylindrical  lens  created  by  the  non-ideal  insulation. 
However,  even  at  the  full  pump  power,  the  fringe 
curvature  is  less  than  1  wave.  This  curvature 
corresponds  to  a  weak  cylindrical  lens  of 
approximately  I  meter  focal  length  which  is  easily 
compensated  in  the  resonator  design. 

We  have  developed  a  new  coating  that  allows 
direct  contact  with  the  TIR  surfaces  without 
disturbance  to  the  intracavity  wavefront. [2,3]  Previous 
workers  have  used  dielectric  coatings,  typically  Si02, 
as  a  protective  coating.  However,  these  thick  coatings 
can  be  difficult  and  expensive  to  apply.  The  coating 
we  use  is  a  new  fluoropolymer,  Teflon  AF®1600, 
developed  by  duPont.  This  coating  prevents 
evanescent  wave  coupling  at  the  TIR  interface  and 
permits  direct  water  cooling  of  the  zig-zag  slab 
without  wavefront  distortion.  It  also  eliminates  the 
need  to  locate  0-rings  away  from  TIR  bounce  points. 
In  addition,  the  coating  appears  durable;  we  have 
noticed  no  degradation  in  laser  operation  even  though 
the  Teflon-AF®-coated  slab  has  been  continuously 
submerged  in  cooling  water.  Finally,  this  coating 
introduces  minimal  loss  at  the  TIR  bounces;  typical 
loss  numbers  are  between  0.1  to  0.2%  per  bounce. 

Experimental  Results 

The  laser  head  was  initially  tested  within  a  short 
confocal  cavity  for  multimode  operation.  This  cavity 
consisted  of  a  20  cm  radius  of  curvature  HR  mirror 
placed  2  cm  from  one  slab  end  and  a  flat  21%  output 
coupler  placed  11  cm  from  the  opposite  mirror.  The 
diode  laser  input  power  was  calculated  by  monitoring 
the  current  to  all  25  diode  lasers  and  converting  to 
optical  power  using  previous  calibration 
measurements.  At  a  pump  power  of  235  W,  the  zig¬ 
zag  slab  laser  emitted  72  W  in  a  square,  multimode 
beam.  The  optical-to-optical  slope  efficiency  was  36% 
with  a  threshold  of  30  W. 


Figure  1.  Diagram  of  laser  cavity  for  TEMoo  mode 
operation. 

The  laser  was  then  operated  in  a  TEMqo  mode 
configuration.  The  best  performance  was  obtained  by 
using  a  three  mirror  folded  cavity  as  shown  in  figure  1. 
The  asymmetric  thermal  lens  is  compensated  by  using 
the  astigmatism  from  off-axis  incidence  on  a  concave 
mirror.  A  20  cm  radius  of  curvature  mirror  was 
chosen  to  dominate  the  thermal  lensing  in  the  cavity 
and  the  fold  angle  necessary  to  obtain  TEMqo 
operation  at  full  power  was  45^.  The  mode  radius  in 


the  Nd:YAG  slab  is  500  |im  and  can  be  changed  by 
small  displacements  in  the  short  13  cm  leg.  It  is 
adjusted  so  that  clipping  around  the  Nd:YAG  slab 
prevents  higher  order  modes  from  oscillating.  TEMqq 
mode  operation  was  confirmed  by  displaying  the  beat 
note  from  a  fast  photodetector  on  a  spectrum  analyzer 
as  well  as  monitoring  a  portion  of  the  output  beam 
with  a  scanning  slit.  At  most  power  levels,  55%  of  the 
multimode  power  could  be  obtained  in  a  TEMqq  mode 
by  appropriate  cavity  adjustment.  We  obtained  40  W 
in  a  TEMqq  mode  at  a  pump  power  level  of  212  W. 
The  slope  efficiency  for  TEMqq  mode  operation  was 
22%  with  a  threshold  of  30  W.  Figure  2  shows  the 
diode  laser  input  power  versus  Nd:YAG  cw  output 
power  for  both  multimode  and  TEMqq  mode 
operation.  The  M^  value  was  measured  using  the 
knife  edge  technique  and  was  found  to  be  less  than  1.3 
in  both  directions.  The  output  is  polarized  due  to  the 
Brewster  slab  faces  with  a  polarization  ratio  better  than 
100:1. 


Figure  2.  Input  vs.  output  curve  for  multimode 
(squares)  and  TCMqq  mode  (circles)  operation. 

Our  applications  for  this  laser  require  stable, 
single  frequency  operation.  We  have  converted  the 
laser  to  a  ring  cavity  and  injection  locked  the  laser 
using  the  Pound-Drever-Hall  technique.[4,5]  We  used 
a  Lightwave  Electronics  model  #122-l064-300-F  laser 
as  the  master  laser  with  the  slave  laser  cavity  length 
stabilized  with  feedback  to  a  piezo-mounted  mirror. 
This  mirror  has  a  resonant  frequency  of  30  kHz  and 
only  this  one  moderately  fast  piezo  was  needed  for 
stable  locking.  To  compensate  for  slow  temperature 
drifts  in  the  cavity  we  built  a  feedback  circuit  to 
control  the  master  oscillator  temperature.  This  circuit 
uses  the  pole  in  the  Lightwave  Electronics  laser 
temperature  response  near  1  Hz  and  does  not  affect  the 
much  faster  cavity  servo  lock  used  in  the  FM  sideband 
technique.  Single  frequency  operation  was  confirmed 
by  using  a  scanning  confocal  interferometer,  as  shown 
in  figure  3.  Using  both  feedback  circuits  we  have 
observe  stable  locking  over  periods  greater  than  an 
hour  at  20  watts  of  output  power.  In  the  future  we  plan 
to  use  the  injection  locked  laser  as  a  source  for  non- 
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linear  optics  experiments,  which  may  include  resonant 
doubling  to  the  green,  pumping  a  degenerate  OPO  to 
the  mid  IR  or  gravitational-wave  interferometry 
studies. 


Figure  3.  Confocal  interferometer  trace  displaying 
single  frequency  output.  Upper  line  displays  ramp 
voltage  to  interferometer. 

CQDglusiQ.n 

In  summary,  we  have  built  and  demonstrated  a  zig-zag 
slab  laser  that  emits  72  W  cw  multimode  when 
pumped  with  235  W  or  40  W  TEMqo  when  pumped 
with  212  W  of  diode  laser  power.  In  addition,  we  have 
injection  locked  this  laser  to  obtain  20  W  of  single 
frequency  output  when  pumped  with  165  W. 
Reasonable  efficiency  for  the  side-pumped  slab  design 
was  obtained  by  confining  the  pump  power  within  a 
gold-coated  box  around  the  slab.  This  also  created  a 
very  uniform  thermal  loading  profile  in  the  slab  laser 
and  contributed  to  the  good  fringe  pattern.  The 
mounting  and  cooling  problems  of  the  slab  laser 
design  were  overcome  by  developing  a  new  coating 
technique  to  protect  the  slab  TIR  surfaces.  This 
simplified  the  laser  head  design  and  allowed  us  to 
design  a  simple  water-cooled  structure  with  less  than 
one  wave  of  distortion  at  full  pump  powers  of  235  W. 
The  slightly  non-ideal  loading  and  cooling  of  the  slab 
laser  created  a  minor  cylindrical  thermal  lens  which  is 
compensated  by  off  axis  incidence  on  a  concave 
mirror.  Because  of  the  thermal  handling  benefits  of 
the  slab  laser  design,  this  laser  can  be  scaled  to  higher 
output  powers  with  appropriate  scaling  of  the  laser 
gain  medium. 

Acknowledgments 

The  authors  wish  to  thank  Alex  Farinas  and  Eric 
Gustafson  for  useful  and  interesting  discussions.  This 
work  was  supported  by  ARO  grant  #DAAH04-94-6- 
0019, 


References 

1.  J.  M.  Eggleston,  T.  J.  Kane,  K.  Kuhn,  J. 
Untemahrer,  and  R.  L.  Byer,  IEEE  J.Q.E  QE-20, 
289(1984). 

2.  R.  J.  Shine  Jr.,  A.  J.  Alffey,  and  R.  L.  Byer,  in 
Advanced  Solid-State  Lasers,  Technical  Digest, 
(Optical  Society  of  America,  Washington,  DC, 
1994)  p.  60. 

3.  I.  M.  Tliomas  and  J.  H.  Campbell,  in  1991  Inertial 
Confinement  Fusion  Annual  Report  (Lawrence 
Livermore  National  Laboratory,  Livermore,  CA) 
p.49. 

4.  R.  W.  P.  Drever,  J.  L.  Hall,  F.  V.  Kowalski,  J. 
Hough,  G.  M.  Ford,  A.  J.  Munley,  and  H.  Ward, 
Appl.  Phys.B3l,97  (1983). 

5.  C.  D.  Nabors,  A.  D.  Farinas,  T.  Day,  S.  T.  Yang, 
E.  K.  Gustafson  and  R.  L.  Byer,  Opt.  Lett.  14, 
1189(1989). 


invited  Paper 


A  40  W  cw,  TEMoo  mode,  diode-laser-pumped,  Nd:YAG  zig-zag  miniature-slab  laser 
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Stanford,  CA  94305 

ABSTRACT 

We  have  built  a  cw,  diode-laser-pumpcd,  Nd:YAG  slab  laser  that  emits  72  W  of  multimode  power  when  pumped 
with  235  W,  or  40  W  of  TEMqo  power  when  pumped  with  2 12  W  of  diode  laser  power.  The  slope  efficiencies  are  36%  for 
multimode  operation  and  22%  for  TEMqo  niode  operation.  The  laser  uses  the  zig-zag  slab  geometry  to  reduce  the  thermal 
effects  associated  with  high  power  operation,  resulting  in  less  than  one  wave  of  distortion  at  the  full  pump  power. 
Reasonable  efficiency  for  the  side-pumped  slab  design  was  obtained  by  confining  the  pump  power  within  a  gold-coated  box 
which  surrounds  the  slab.  TEMqo  ®ode  operation  was  obtained  in  a  simple  titree-mirror  folded  cavity.  The  NdiYAG  slab 
acted  as  an  aperture  in  the  cavity  and  the  astigmatism  due  to  off  axis  incidence  on  a  curved  mirror  corrected  for  a  minor 
1  meter  cylindrical  thermal  lens.  A  significant  advantage  of  our  design  over  previous  slab  lasers  is  a  new  Teflon  AF® 
protective  coating  on  the  slab  total  internal  reflection  surfaces  which  greatly  simplifies  die  mounting  and  cooling  of  the  slab 
laser  medium. 


2, 1NTRQPUC.IIQM. 

Gravitational-wave  interferometric  receivers  and  high-power  resonant  non-linear  optical  interactions  require  an 
efficient  laser  that  provides  many  tens  of  watts  cw  in  a  nearly  dif&action-limited  mode.^  Previous  attempts  to  build  diode- 
lascr-pumped  high  power  cw  lasers  with  high  beam  quality  have  typically  used  a  rod  laser  design,  with  either  end-  or  side- 
pumping.^^  However,  at  high  powers  thermal  lensing,  stress  birefringence  and  biaxial  focusing  degrade  laser  performance.^ 
The  zig-zag  slab  design  is  known  to  reduce  thermally  induced  effects,^  but  has  been  avoided  because  of  slab  fabrication  and 
mounting  difficulties.  In  addition,  most  zig-zag  slab  geometiy  lasers  are  designed  to  produce  high  power  but  in  a  multimode 
rectangular  output  beam  that  is  many  times  diffraction-limited.  In  this  paper  we  describe  a  diode-laser-pumped,  cw,  Nd:  YAG 
zig-zag  slab  laser  that  efficiently  produces  a  TEMqq  mode  with  a  simple  water-cooled  laser  head  design.  Although  the  slab 
laser  design  has  been  used  successfully  in  diode-laser-pumped,  pulsed  laser  systems,^*  ^  tiiis  is  the  first  implementation  of  a 
uniformly  face-pumped,  fiEu:e-cooled,  cw,  diode-pumped  slab  laser. 

The  goal  of  our  design  is  to  produce  a  laser  operating  at  several  tens  of  watts  with  minimal  thermal  lensing  and 
stress  birefringence.  By  minim Lzdng  the  thermal  lensing,  a  simple  resonator  can  be  designed  which  operates  well  inside  the 
stability  region  while  still  having  a  TEMqq  mode  size  large  enough  to  efficiently  extract  Ae  power.  Reducing  Ae  Aennally 
mduced  stress  birefringence  will  reduce  cavity  losses  for  Ae  Imeariy  polarized  beam  and  improves  Ae  efficiency  in  a  TEMqq 
mode.  In  adAtion,  Ae  laser  head  design  is  simple,  making  it  easy  to  assemble  and  disassemble. 

3.  LASER  DESIGN  CHOICES 

We  chose  to  use  Aode  lasers  as  Ae  pump  source.  Compared  to  lamp-pumpmg,  Aode  laser  pump  sources  offer  high 
electrical-to-optical  efficiency,  long  lifetimes,  and  good  spectral  overlap  wiA  Ae  absorption  bands  of  solid-state  lasers.^  The 
narrow  emission  spectra  of  Ae  Aode  lasers  is  also  useful  m  high  power  laser  engineering  smee  it  reduces  Ae  Aermai  loadmg 
of  Ae  slab.  The  emission  wavelengA  of  Ae  Aode  laser  can  be  tuned  to  Ae  most  efficent  absorption  band  of  Ae  laser 
material,  reduemg  Ae  pump  energy  delivered  to  non-radiative  transitions  and  hence  Ae  overall  Aermai  loading  of  Ae  slab. 
A  adAtion,  we  have  chosen  to  use  fiber-coupled  diode  lasers  raAer  Aan  bare  diode  bars.^’^®  AlAough  Ais  reduces  Ae 
overall  system  efficiency,  it  increases  Ae  reliability  of  Ae  design  as  well  as  simplifymg  Ae  engmecring.  The  use  of  multiple 
pump  sources  provides  a  soft  failure  mode.  If  a  single  diode  fails,  Ae  power  will  drop  by  a  fraction,  but  Ae  laser  will  remain 
m  operation.  Fiber  couplmg  allows  Ais  failed  diode  to  be  replaced  wiAout  disassembly  of  Ae  laser  head  by  eiAer  recouplmg 
Ae  fiber  to  a  working  Aode  or  tummg  on  a  reserve  diode  to  return  Ae  output  power  to  Ae  previous  level.  ^  ^  In  Ais  way  Ae 
laser  could  operate  almost  continuously  wiA  scheduled  maintamence  to  replace  failed  diodes.  Engmecring  of  Ac  system  is 
simplified  by  mountmg  Ae  diode  lasers  well  away  from  Ae  laser  head,  Aus  separating  Ac  heat  loads,  to  our  system,  each 
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diode  is  individually  mounted  on  a  therrao-electrically  controlled  (Peltier  cooler)  copper  plate  and  is  temperature  tuned  to 
match  the  809  nm  absorption  line  in  Nd:YAG.  Waste  heat  is  removed  fiom  the  diode  plates  by  water  cooling.  We  have 
noticed  that  the  laser  output  power  in  our  system  is  relatively  insensitive  to  the  actual  diode  temperature  to  within  a  few 
degrees.  For  this  reason,  it  is  possible  to  consider  removing  the  thermo-electric  coolers  from  the  system  to  improve  the 
overall  electrical  efficiency.  In  a  system  using  a  large  number  of  diode  lasers,  the  diode  lasers  could  be  binned  into  groups  of 
5  to  10  based  on  their  operating  temperatiue.  The  water  temperature  for  each  bin  of  diode  lasers  could  be  used  to  control  the 
diode  laser  wavelength.  Fiber  coupling  also  simplifies  the  laser  head  design  since  no  imaging  or  steering  optics  are  needed  to 
deliver  the  pump  power  to  the  gain  medium.  Two  simple  clamps  hold  all  the  fibers  in  the  laser  head  assembly,  creating  a 
compact  and  simple  laser  head.  The  pump  sources  for  our  laser  are  twenty  five  SDL-3450-P5  fiber-coupled  diode  lasers 
(SDL,  Inc.).^^  Each  600  |im  core,  0.4  numerical  aperture  (N.A.)  fiber  emits  9.5  watts  for  a  total  of  235  watts  at  the  slab.  An 
additional  fiber  to  fiber  junction  to  provide  easy  disassembly  accounts  for  a  5%  power  loss  from  each  diode  laser.  At  the 
beginning  of  this  project,  the  diode  laser  cost  made  this  project  prohibitively  expensive.  However,  during  the  three  year 
course  of  this  project,  the  cost  of  the  diodes  has  been  reduced  by  a  factor  of  four  while  the  output  power  has  doubled.  Even  at 
this  point  the  diode  lasers  remain  a  major  cost  of  the  system.  After  removing  diode  lasers  which  foiled  during  a  24  hour  bum- 
in  performed  under  our  supervision,  this  set  of  25  diode  lasers  has  operated  reliably  for  a  few  hundred  hours.  Recently, 
though,  we  had  our  first  diode  laser  frulure.  Assuming  a  binomial  distribution  of  independent  sources,  the  projected  lifetime 
of  a  single  diode  laser  based  on  this  one  failure  is  in  the  neighborhood  of  7500  hours. 

With  a  total  diode  laser  pump  power  of  235  W  available,  thermal  issues  dominate  the  laser  engineering  At  high 
pump  powers,  thermal  lensing  and  stress  birefringence  become  significant  problems  in  rod  laser  designs,  using  either  end-  or 
side-pumping.  It  is  possible  to  compensate  for  these  problems.  Thermal  lensing  is  the  easiest  problem  to  compensate, 
especially  if  the  rod  is  uniformly  pumped  throughout  its  volume  and  uniformly  cooled  from  its  side.  For  example,  the  rod 
can  be  ground  with  concave  ends  to  compensate  for  the  thermal  lensing  at  a  fixed  operating  point  However,  since  most 
end-pumped  designs  do  not  pump  with  a  uniform  top-hat  profile  but  rather  wifri  a  gaussian  profile  to  improve  the  pump  and 
signal  overlap,  there  will  be  higher  order  aberrations  to  the  thermal  lensing.  Polishing  concave  ends  onto  the  rod  can  make 
the  laser  more  sensitive  to  these  thermal  aberrations  induced  in  foe  rod.  To  avoid  fois  problem,  ofoers  have  ground  convex 
curvature  onto  foe  rod  to  dominate  any  thermal  lensing.'^  In  this  design,  foe  thermal  lensing  becomes  a  small  perturbation  on 
top  of  foe  convex  curvature  and  reduces  foe  effect  of  thermal  distortions.  However,  both  these  designs  compensate  the 
thermal  lensing  at  a  fixed  point.  Careful  resonator  design  can  reduce  foe  sensitivity  of  foe  laser  to  foe  variations  in  rod 
thermal  lensing.  An  example  of  fois  is  the  dynamically  stable  resonator  where  foe  mode  volume  in  foe  rod  is  kept  under 
control  by  appropiate  choice  of  mirror  curvatures.  Similarly,  it  is  possible  to  compensate  for  foe  stress  birefringence  by 
using  a  dual  rod  wifo  a  quartz  rotator  placed  between  foe  rods.*^  Assuming  both  rods  are  pumped  identically,  foe  thermally 
induced  birefringence  and  bifocusing  can  be  canceled  by  rotating  foe  polarization  of  all  rays  by  90°.  In  practice  at  moderate 
power,  fois  design  has  been  used  to  reduce  depolarization  losses  from  over  6%  to  below  02%.^  As  foe  power  is  increased, 
fois  compensation  may  not  work  as  well  as  pump  differences  in  foe  rods  become  more  significant.  The  ultimate  limit  to  end 
pumping  is  stress  fracture  of  foe  rod.  This  depends  critically  on  foe  cooling  mechanism  and  pump  distribution.  For  a  side 
cooled  design,  a  pump  power  of  60  W  has  fractured  a  rod,  while  with  fece  cooling  as  much  as  140  W  has  been  applied  to  a 
single  end.2'17  Near  foe  stress  fracture  limit,  it  is  difficult  to  obtain  a  diffraction-limited  beam  wifoout  going  to  extreme 
lengths  to  compensate  for  these  various  thermal  distortions.  Stress  fracture  related  issues  are  less  severe  in  a  side-pumped  rod 
since  foe  power  density  per  unit  length  can  be  reduced  by  distributing  foe  pump  power  over  a  longer  length.  However,  the 
problems  of  thermal  lensing  and  stress  birefringence  are  not  avoided  because  these  effects  are  caused  by  foe  cylmdrical 
geometry  of  foe  gain  medium  and,  in  feet,  thermal  lensing  is  independent  of  lengfo.**  Nevertheless,  it  is  possible  to  avoid  all 
of  these  problems  to  first  order  by  using  a  zig-zag  slab  geometry. ^ 

We  chose  to  use  a  Brewster-end,  zig-zag  slab  design.^*  Stress-induced  biaxial  focusing  and  birefringence  can  be 
eliminated  by  using  a  rectilinear  rather  than  a  cylindrical  geometry  and  if  foe  slab  is  pumped  and  cooled  uniformly  on  the 
correct  surfaces.  If  foe  rectilinear  slab  is  both  uniformly  pumped  and  cooled  on  two  ophite  surfeces,  a  one  dimension^ 
thermal  profile  is  created  and  foe  isotherms  and  stress  tensor  remains  aligned  wifo  foe  rectilinear  axes  of  foe  slab.  A  linearly 
polarized  signal  beam  experiences  no  birefringence  effects  or  depolarization  if  it  is  aligned  along  one  of  foe  rectilmw  axes, 
as  it  is  in  a  Brewster-end  design.  In  addition,  foe  zig-zag  optical  path  compensates  for  thermal  lensing.  The  signal  bem  is 
confined  by  total  internal  reflection  as  it  zig-zags  across  foe  thermal  gradient  in  foe  slab.  Since  all  portions  of  foe  sigi^  be^ 
experience  the  same  thermal  environment  as  it  travels  fois  zig-zag  path,  thermal  lensing  effects  are  avoid^.  We  chose  foe 
geometry  of  foe  slab  to  have  a  straight  resonator  structure  (zero  angle  between  foe  ray  outside  foe  slab  and  foe  long  axis  ot  foe 
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slab)  with  Brewster  angle  incidence.  With  these  constraints  and  the  choice  of  NdrYAG  as  the  slab  material  due  to  its  high 
themomechanical  moperties,  the  apex  angle  and  internal  bounce  angle  of  the  slab  are  completely  determined,  28  8®  and 
32A  respectively.  Smce  these  angles  are  not  identical,  there  will  be  unfilled  regions  of  the  slab.  Since  the  apex  angle  is 
less  than  the  internal  bounce  angle,  these  unfilled  regions  occur  at  the  entrance  and  exit  faces  of  the  slab  reducing  the  useful 
aperture.  Although  the  full  slab  is  not  accessible,  rays  that  enter  near  the  slab  apex  strike  the  entrance  fare  after  being  totally 
internally  reflected,  a  beam  filling  the  useful  aperture  of  the  slab  will  sweep  out  the  slab  volume  efficiently  by  double  passing 
all  points  in  the  slab  except  those  near  the  apex.  This  "unity  fill  factor"  can  make  maximum  use  of  the  pumped  region  In 
this  design,  it  is  important  to  avoid  pumping  within  one  slab  width  of  the  slab  apex  region  to  avoid  end  effects.20  The  slab 
apex  is  easily  deformed  if  pumped,  and  this  deformation  can  aberrate  the  beam.  Recent  designs  have  used  AR-coated  blunt- 
ended  slabs  to  avoid  end  effects  as  well  as  for  other  reasons.^.’  However,  the  Brewster-ended  design  does  not  need  dielectric 
coatmgs  on  the  entrance  and  exit  faces  and  is  less  likely  to  suflfer  fl-om  parasitic  oscillations.  As  a  final  note,  the  benefits  of 
the  zig-zag  slab  design  depend  critically  on  uniformly  pumping  and  cooling  the  TIR  surfaces  and  adequately  insulating  the 
impumped  surfaces  to  minimize  thermal  effects  and  beam  dikortion. 

4.  LASER  DESIGN 

The  anticipated  pump  power  levels  and  desired  gain  can  be  used  to  determine  the  slab  dimensions.  The  slab  cross 
sectional  area  determines  the  laser  gain  while  tiie  pump  power  per  unit  length  is  limited  by  stress  fracture  of  die  material  and 
the  slab  aspea  ratio.  In  most  zig-zag  slab  designs,  one  wants  to  increase  die  slab  aspect  ratio,  the  widdi  to  thickness  ratio,  as 
much  as  possible  since  this  more  nearly  approximates  a  semi-infinite  slab  and  improves  die  diermal  handling  ^-harart-^stirs 
In  addition,  this  increases  the  cooling  area  of  the  slab  and  increases  the  pump  power  limit  per  unit  length.  However,  since  our 
system  is  to  operate  cw  in  a  TEMqo  mode,  we  must  make  some  design  compromises.  The  gain  of  the  cw  system  is  too  low  to 
operate  as  an  unstable  resonator  efficiently.2>  This  restricts  our  choice  of  slab  cross  section  since  we  cannot  use  an  unstable 
resonator  to  extraa  a  large  mode  volume.  In  addition,  we  cannot  use  phase  conjugate  qptics  such  as  SBS  cells  to  correct  any 
phase  aberration  caused  by  the  thermal  load.^  Losses  must  be  minimzed  in  our  cw  system  and  it  is  difficult  to  find  a  phao 
conjugate  system  with  near  100%  reflection  efficiency  that  worics  in  the  near-IR.  For  these  reasons,  we  planned  to  use  a 
stable  resonator  geometry.  To  avoid  working  near  the  edge  of  stability  with  relatively  small  resonators  under  1  meter  in 
length,  we  are  limited  to  resonator  modes  smaller  than  600  |im.  To  minimize  diffraction  effects  while  still  extracting  a 
sipiificant  portion  of  the  pump  energy  the  slab  aperture  should  be  roughly  3  to  4  times  the  mode  radius.22  The  corrert  slab 
thickness  is  critical  to  managing  the  diermal  gradient  in  the  slab.  A  diin  slab  reduces  the  thermal  gradient  but  also  reduces 
the  amount  of  pump  power  absorbed.  By  designing  a  reflecting  geometry  to  double  pass  the  pump  light,  die  pump  absorption 
can  be  increased  without  increasing  the  thermal  gradient  significantly.  We  chose  a  slab  thickness  of  1.7  mm  such  that  a 
double  pass  was  roughly  one  absorptiem  depdi  for  our  diode-laser  pump  sources.  Since  we  anticipated  a  flight  cylindrical 
lens  due  to  imperfect  insulation  on  die  top  and  bottom  of  the  slab,  we  chose  a  slab  widdi  of  1,8  mm  such  that  a  simple 
resonator  would  clip  equally  in  both  directions  while  the  slab  acted  as  an  aperture.  The  slab  length  does  not  affect  the  gain, 
so  a  long  slab  is  favorable  to  reduce  die  chance  of  stress  fracture.  However,  crystal  scatter  and  absorptions  losses  do  increase 
with  length  while  the  fabrication  of  the  slab  becomes  more  difficult.  We  chose  a  slab  length  such  that  the  full  pump  power 
would  be  50%  of  the  stress  fracture  limit^^  This  length  of  58.9  mm  represents  22  TIR  bounces  in  die  slab.  With  this  number 
of  bounces,  it  is  important  to  minimize  die  loss  associated  with  each  TIR  bounce.  Although  this  slab  design  does  not  take  full 
advantage  of  the  slab  design  because  of  the  near  unity  aspect  ratio,  it  minimizes  the  effects  of  stress  birefringence  and  thermal 
leasing,  and  results  in  a  nearly  diffraction-limited  TEMqo  ™ode  output  with  good  slope  efficiency. 

Careful  thought  must  be  given  to  the  mounting  problems  of  the  zig-zag  slab  design.  The  surfaces  which  serve  to 
confine  the  signal  beam  by  total  internal  reflection  are  the  same  surfaces  that  are  pumped  and  cooled.  It  is  important  to 
choose  a  mounting  design  where  the  signal  TIR  is  not  affected  by  the  cooling  mechanism.  At  high  thermal  loads,  water 
cooling  will  provide  a  very  high  heat  transfer  coefficient  to  remove  the  waste  heat  Turbulent  water  can  increase  the  heat 
transfer  coefficent  by  as  much  as  a  factor  of  five,^^  but  can  create  phase  distortions  on  the  laser  beam  by  coupling  to  the 
evanescent  wave.  Previous  workers  have  avoided  this  problem  by  depositing  dielectric  coatings,  such  as  Si02,  on  the  TIR 
surfaces. However,  these  thick  coatings  can  be  difficult  and  expensive  to  apply.  We  have  developed  a  new  coating 
technique  based  on  a  new  fluorpolymer.  Teflon  AF®  1600,  developed  by  DuPont.^^  This  polymer  is  optically  clear 
throughout  the  visible  and  near  IR  regions  of  tiie  spectrum,  has  a  refractive  index  near  1.3,  and  is  soluble  in  perfluorinated 
solvents.^^  We  apply  this  protective  layer  to  a  cleaned  Nd:YAG  slab  surface  by  painting  the  surface  with  the  Teflon  AF® 
solution.  The  solvent  evaporates  within  a  few  minutes,  leaving  a  protective  coating  from  3  to  15  pm  thick,  depending  on  the 
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initial  concentration.  This  coating  prevents  evanescent  wave  coupling  at  the  TIR  interface  and  permits  direct  water  cooling 
of  the  zig-zag  slab  without  wavefront  distortion.  It  also  eliminates  the  need  to  locate  O-rings  away  from  TIR  bounce  points 
when  mounting  the  slab.  In  addition,  the  coating  appears  durable;  we  have  noticed  no  degradation  in  laser  operation  even 
though  the  Teflon- AF®-coated  slab  has  been  continuously  submerged  in  cooling  water  for  months.  During  the  optimization 
of  the  laser  head,  the  Teflon  AF®  coating  occasionally  has  had  higher  losses  than  expected.  When  this  happens,  the  laser 
head  is  disassembled  and  the  slab  is  recoated.  Complete  disassembly,  cleaning,  recoating  of  the  slab,  and  reassembly  can  be 
done  in  less  than  an  hour.  Finally,  this  coating  introduces  minimal  loss  at  the  TIR  bounces;  typical  loss  numbers  are  between 
0. 1  to  0.2%  per  bounce. 


,  IS  mm 


Once  the  slab  is  coated,  it  is 
placed  in  the  laser  head,  a  schematic  of 
which  is  shown  in  figure  1.  The 
Nd:YAG  slab  is  mounted  in  an 
aluminum  frame  and  sealed  at  both  ends. 
We  place  the  O-rings  on  the  slab  just  as 
one  would  place  O-rings  on  a  rod.  No 
care  taken  to  locate  the  O-rings  away 
from  a  bounce  point  since  the  slab  is 
protected  by  the  low  index  coating.  The 
top  and  bottom  of  the  slab  are  insulated 
by  placing  gold-coated  glass  microscope 
slides  in  contact  with  the  NdrYAG  slab. 
The  glass  slides  are  coated  on  the  back 
witii  a  Ain  RTV  silicone  layer  to  relieve 
stress.  The  last  two  sides  of  Ae  frame 
contain  Ae  fiber  pump  modules.  The 
Nd:YAG  slab  is  water  cooled  wfth  2  mm 
Aick  water  channels  flowmg  between  Ae 
slab  surfaces  and  Ae  brass  fiber  holders. 
The  water  flows  at  a  rate  of  1  liter  per 
mmute  and  Ae  Reynolds  number  and 
flow  geometry  were  selected  to  make  Ae 
flow  turbulent  The  turbulent  flow  does 
not  create  phase  distortions  on  Ae  laser 
beam  because  Ae  evanescent  wave  is 
isolated  from  Ae  water  flow  by  Ae 
protective  Teflon  AF®  coatmg.  The 
fibers  are  isolated  from  Ae  water  flow  by 
a  0.5  mm  anti-reflection  (AR)  coated 
sapphire  wmdow  glued  onto  Ae  brass 
mount  The  inside  surface  of  Ae  brass 
has  been  polished  and  gold  coated  to  reflect  any  unabsorbed  pump  radiation.  The  fibers  positions  are  staggered  m  diis  brass 
mount  boA  transversely  to  mcrease  Ae  unifomity  of  Ae  pump  Astribution  mcident  on  Ae  slab  and  longitudinally  relative  to 
Ae  fiber  positions  on  Ae  opposite  side  to  mcrease  Ae  pump  reflection.  The  high  N.A.  of  Ae  fibers  also  acts  to  mcrease  Ae 
uniformity  of  Ae  pump  illumination  on  Ae  slab.  Smce  Ae  slab  is  only  half  an  absorption  depA  Aick,  we  have  gold  coated 
all  Ae  surfaces  surroundmg  Ae  slab  to  mcrease  Ae  pump  absorption  and  to  improve  Ae  overall  efficiency.  We  have 
attempted  to  reduce  any  possible  corrosion  due  to  the  use  of  dissimilar  metal  by  hard  anodizmg  Ae  alummum,  gold 
electroplatmg  Ae  brass,  and  usmg  deionized  water.  The  assembly  of  Ais  laser  head  is  simple  and  typically  takes  less  than  10 
mmutes. 


Figure  1 .  Schematic  of  laser  head.  The  Aick  black  Imes  on  Ae  glass  slides 
and  brass  fiber  holders  represent  gold  coatings  to  confine  Ae  pump  light 
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5.  EXPERIVfFMTAL  REStn.T^ 


Rgure  2.  HeNe  interferometer  fringe  pattern  of  slab  pumped 
with  125  W  of  unextracted  power. 

cyUndrical  lens  of  ^jproximately  1  meter  focal  length 


To  test  the  effectiveness  of  our  cooling  design, 
we  built  a  HeNe  interferometer  around  the  slab  laser  bead 
and  counted  fringes  as  the  pump  power  was  varied. 
Average  heating  of  the  slab  does  not  add  any  curvature  to 
the  fringe  pattern  but  does  change  the  path  length  in  one 
arm  of  the  interferometer.  The  average  temperature  rise 
in  the  pumped  slab  can  be  determined  by  counting 
fringes.  In  a  previous  conduction  cooled  design  the  slab 
temperature  rose  beyond  150®  C  due  to  poor  thermal 
contact  across  the  inter&ce  layers.  In  the  water  cooled 
design,  die  average  temperature  of  the  slab  rises  less  than 
30®  C,  demonstrating  the  effectiveness  of  heat  transfer 
from  the  slab  into  the  water.  The  interferometer  also 
allowed  us  to  measure  any  thermal  non-uniformity  by 
observing  die  curvature  of  the  fringe  pattern.  The  fringes 
for  the  unpumped  slab  are  flat  to  better  than  1/lOth  wave 
and  demonstrate  that  there  is  no  net  polishing  error  or 
mounting  stress  distorting  the  slab.  When  pumped,  there 
is  a  minor  cylindrical  lens  created  by  the  non-ideal 
insulation.  A  picture  of  die  interferometer  fringe  pattern 
with  the  slab  pumped  with  125  W  is  shown  in  figure  2. 
At  this  level,  the  fringe  pattern  shows  a  slight  fringe 
curvature  of  less  than  1/4  wave.  Even  at  the  full  pump 
power,  the  fringe  curvature  is  less  than  1  wave  of 


distortion.  This  curvature  corresponds  to  a  weak 
which  is  easily  compensated  in  the  resonator  H<»«ign 


The  l^er  initially  tested  with  a  short  confocal  cavity.  This  cavity  consisted  of  a  20  cm  radius  of  curvature  HR 
mirror  placed  2  cm  from  one  slab  end  and  a  flat  21%  output  coupler  placed  1 1  cm  from  the  opposite  mirror.  The  diode  laser 
mpw  power  was  calculated  by  monitoring  the  current  to  all  25  diode  lasers  and  converting  to  optical  power  using  previous 

^  ^  «“ittcd  72  W  in  a 

^uare,  multoode  beam.  TTie  opdcal-to-optical  slope  efficiency  was  36%  with  a  threshold  of  30  W.  The  gain  was  measured 
by  probing  the  active  volume  with  a  Lightwave  Electronics  300  mW  laser.  Ihe  small  signal  gain  is  At  this  level  of 
ga^  the  lasCT  should  be  analyzed  with  the  Rigrod  laser  equation.28  We  have  varied  the  output  coupling  from  15  to  30%  with 
only  small  changes  m  ouqxit  power,  as  expected. 


operated  in  a  TEMqo  mode  configuration.  The  best  performance  was  obtained  by  using  a  three 
mirror  o  e  cavity  as  shown  in  figure  3.  The  asymmetric  thermal  lens  is  compensated  by  using  the  astigmatism  from  an 
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off-axis  concave  minxjr.  A  20  cm  radius 
of  curvature  mirror  was  chosen  to 
dominate  the  thermal  lensing  in  the  cavity 
and  the  fold  angle  necessary  to  obtain 
TEMoo  mode  operation  at  full  power  was 
45®.  The  mode  size  in  the  Nd:YAG  slab 
is  500  pm  and  can  be  changed  by  small 
displacements  in  the  short  13  cm  leg.  It  is 
adjusted  so  that  clipping  around  the 
Nd:YAG  slab  prevents  higher  order 
modes  from  oscillating.  TEMoo  mode 
operation  was  confinned  by  displaying  the 
beat  note  from  a  fast  photodetector  on  a 
spectrum  analyzer  as  well  as  monitoring  a 
portion  of  the  output  beam  with  a 
scanning  slit  At  most  power  levels,  55% 
of  the  multimode  power  could  be  obtained 
in  a  TEMoo  mode  by  appropriate  cavity 
adjustment.  We  obtained  40  W  in  a 


Figure  4.  Input  vs.  output  curves  for  multimode  (squares)  and 
TEMqq  mode  (circles)  operation. 


TEMoo  mode  at  a  pump  f)ower  level  of  212  W.  The  slope  efficiency  for  TEMoo  mode  (qieration  was  22%.  Figure  4  shows 
the  Nd:YAG  cw  output  power  vs.  diode  laser  input  power  for  both  multimode  and  TEMoo  mode  operation.  The  M^  value 
was  measured  using  the  knife  edge  technique  and  was  found  to  be  less  than  1.3  in  both  directions.  The  output  is  polarized 
due  to  the  Brewster  slab  faces  with  a  polarization  ratio  better  than  100:1. 


R=20cm 


Finally,  we  injection 
locked  the  laser  using  the 
Pound-Drever-Hall  FM 
sideband  locking 
technique.2^’^®  In  the  linear 
cavity  described  by  figure  3,  a 
waist  occurs  at  each  of  the  flat 
end  mirrors.  We  have  closed 
the  cavity  into  a  ring  by 
transforming  one  waist  to  the 
other  using  an  intracavity  lens. 
The  cavity  diagram  is  shown  in 
figure  5.  The  top  half  of  the 
cavity  is  identical  to  the  linear 
cavity  run  previously.  The  flat 
mirror  placed  next  to  the  slab  is 
used  to  steer  the  cavity  beam 
away  from  the  diode-laser  pump 
fibers.  Since  there  is  no 
astigmatism  in  the  bottom  half 
of  the  cavity,  a  7.5  cm  focal 
length  spherical  lens  was  used 
in  place  of  an  off-axis  concave 
mirror  and  the  ring  was  closed 

using  a  flat  mirror.  This  cavity  runs  in  a  TEMoo  mode  but  at  lower  power  than  the  linear  cavity  due  to  additional  clipping  at 
the  slab  mount.  We  believe  optimization  of  the  intracavity  lens  focal  length  and  position  will  improve  the  output  power.  We 
have  operated  at  165  W  of  pump  power  because  the  cavity  has  not  yet  been  optimized  at  the  full  pump  power.  At  this  pump 
power  level,  we  obtained  a  single  frequency  output  of  20  watts. 


Figure  5.  Ring  laser  cavity  used  for  injection  locking. 
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We  have  injection-locked  the  laser  using  a  Lightwave 
Electronics  model  #122-1064-300-F  laser  as  the  master  oscillator 
with  the  slave  laser  cavity  length  stabilized  using  the  FM 
sideband  locking  technique.  The  piezo-mounted  mirror  has  a 
resonant  frequency  of  30  kHz,  and  only  this  one  moderately  fast 
piezo  element  was  needed  for  stable  locking.  To  compensate  for 
slow  temperature  drifts  in  the  cavity  and  to  keep  the  piezo 
element  away  from  the  limits  of  its  throw  we  have  built  a 
feedback  circuit  to  control  the  master  oscillator  temperature. 
This  circuit  uses  the  pole  in  the  Lightwave  Electronics  laser 
temperature  response  near  1  Hz  and  does  not  affect  the  much 
faster  cavity  servo  lock  used  in  the  FM  sideband  technique. 
Single  frequency  output  was  confirmed  by  using  a  scanning 
confocal  interferometer,  as  shown  in  figure  6.  Using  both 
feedback  circuits  we  have  observed  stable  locking  over  periods 
greater  than  an  hour  at  20  watts  of  output  power.  In  the  future 
we  plan  to  use  this  laser  as  a  source  for  nonlinear  frequency 
conversion. 


Figure  6.  Confocal  interferometer  trace  displaying  single 
freqeuncy  output  Ufqier  line  displays  ramp 
voltage  to  int^erometer. 


6.  CONCLUSION 

In  summary,  we  have  built  and  demonstrated  a  zig-zag  slab  laser  that  emits  72  W  cw  multimode  when  pumped  witii 
235  W  or  40  W  TEMqo  when  pumped  with  212  W  of  diode  laser  power.  Reasonable  efficiency  for  the  side-pumped  slab 
design  was  obtained  by  confining  the  pump  power  within  a  gold-coated  box  containing  the  slab.  This  also  created  a  uniform 
thermal  loading  profile  in  the  slab  laser  and  contributed  to  the  good  fringe  pattern.  The  mounting  and  cooling  problems  of 
the  slab  laser  design  were  overcome  by  developing  a  new  coating  technique  to  protect  the  slab  I  IR  surfaces.  This  simplified 
the  laser  head  design  and  allowed  us  to  design  a  simple  water-cooled  structure  with  less  than  one  wave  of  distortion  at  full 
pump  powers  of  235  W.  The  slightly  non-ideal  loading  and  cooling  of  the  slab  laser  created  a  minw  cylindrical  thermal  lens 
which  is  compensated  by  an  off  axis  concave  mirror.  In  addition,  we  have  injection  locked  the  laser  to  obtain  a  single 
frequency  output  of  20  watts  at  a  pump  power  of  165  watts.  Because  of  die  thermal  handling  benefits  of  the  slab  laser  design, 
this  laser  can  be  scaled  to  higher  output  powers  with  appropriate  scaling  of  die  laser  gain  medium. 
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Abstract 

Single  axial  mode  operation  of  a  Yb:YAG  laser  was 
achieved  with  a  33.9mW  threshold  and  32%  slope 
efficiency.  An  uncoated  Yb:YAG  crystal  assisted 
with  mode  selection  for  the  913nm  Ti:Al203  pumped 
microchip  laser. 

Laser  resonators.  Optical  resonators,  Laser  materials. 
Rare  earth  solid-state  lasers 


Summary 

Trivalent  Yb  ion  doped  solid-state  materials  are 
attractive  as  high  efficiency,  high  stability,  high 
energy  laser.  Diode-pumped  Yb:YAG  laser  has 
several  advantages  relative  to  Nd:YAG  lasers;  i.e., 
low  thermal  load,  long  upperstate  life  time  and  large 
absorption  width  around  the  InGaAs  laser  emission 
range.  In  addition,  Yb:YAG  has  no  excited  state 
absorption  and  upconversion  lossK  A  great  deal  of 
effort  has  been  made  toward  high  efficiency  and  high 
power  operation  with  diode-pumped  Yb:YAG 
lasers^’^.  What  seems  to  be  lacking,  however,  is 
about  a  single-axial  mode  operation.  Although  a 
Yb:YAG  laser  has  a  relatively  wide  fluorescence 
bandwidth,  -2.66  THz,  that  is  a  disadvantage  for 
single-axial  mode  oscillation.  In  this  paper,  we 
report  our  recent  results  for  single  axial-mode 
oscillation  of  Yb:YAG  with  using  a  coupled-cavity 
configuratioa 

Figure  1  shows  the  schematic  of  the  coupled 
cavity  Yb:YAG  laser  geometry.  In  this 
configuration,  we  must  take  account  into  three  mirror 
effects'^.  For  a  three  mirror  cavity,  the  transmitted 
electric  field  from  output  mirror  is  given  by 


E,  = 


^2  ^3 


^2 


E.  (1) 


where  Ti,  T2,  r3  are  the  reflectivity  for  the  electric  field 
amplitude  of  the  surface  of  1,  2  and  3,  respectively, 
I,  =  exp(y,  -  0, ) ,  |,  =  exp(yj  -  y  are  the 

round-trip  gains  which  include  the  laser  gain  or  loss, 
y,  and  y^,  and  the  phases,  0,  and  <j)^.  We  find  a 
threshold  condition  from  the  denominator  of  Eq.  (1). 
With  the  gain  coefficient  g,  and  the  loss  coefficient 
a,,  it  is  possible  to  represent  the  laser  gain  or  loss  as 

y,  =  (g,  -  a,)  L, ,  where  Li  is  the  length  of  region  1. 
From  the  three  mirror  model,  a  threshold  gain 
coefficient  are  given  by 

1  r,(r,e’'=  cos(<^, -t-(;(>2)  +  r,cos(^,) 

8,1.  =«! - ^ - - 

ii 

(2) 

From  this  model,  a  threshold  of  the  resonant  cavity 
and  non-resonant  cavity  mode  are  given  by 


Li  =1.1  mm  I  L2  =7.5-8  mm  J 


Fig.  I  Schematic  of  the  coupled  cavity  Yb:YAG 
laser.  The  internal  surface  of  Yb:YAG  crystal  is 
uncoated. 
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COS0,  =  COS0,  =  cos(0,  +  0^)  =  1  and  cos0,  = 
COS0,  =  ”COs(0j  +  0,)  = -1,  respectively.  The 
threshold  ratio  of  the  resonant  mode  with  three  mirror 
cavity-  compare  to  a  conventional  two  mirror  cavity 
with  a  anti-rcflcction  coated  ciy  stal  is  given  by  R2  = 
0.  As  R2  of  Eq.  (2)  increases,  it  is  evident  that  the 
threshold  ratio  of  the  non-resonant  mode  to  resonant 
mode  (gth,NR/gth,R)  becomes  large  so  that  the  multi- 
longitudinal  mode  operation  is  suppressed.  The 
internal  face  of  the  cry  stal  forcom  cnlional  laser  cavity 
is  AR-coated  at  laser  wavelength  to  avoid  the 
reflectivity’  loss.  Following  conventional  concept  a 
laser  which  has  uncoated  crystal  has  a  higher 
tlireshold  than  the  anti-reflection  coaled  cry  stal  and  it 
is  difficult  to  oscillate  because  it  has  the  Fresnel  loss 
for  lasing  wavelength.  However,  it  is  expected  that 
single  longitudinal  mode  oscillation  using  an 
uncoated  cry  stal  should  have  a  low  tlireshold.  From 
Eq.  (2),  we  obtain  (gtii,NR/gth,R)  =  3.31  and 
(glh,R/glh,AR)  ^-35. 

A  Yb:YAG  crystal  with  10-at.-%  Yb^^ 
doping  (Scientific  materials  Co.),  with  dimensions  a 
diameter  of  4  mm  and  tliickness  of  l  .lmm  was  used 
for  this  experiments.  Typically  longitudinally 
pumped  configurations  require  an  interface  coated  for 
high  reflectivity  (>99.9  %)  at  the  lasing  w  avelength 
and  high  transmission  (>80  %)  at  the  pumping 
wavelength  to  couple  the  pump  light  into  the  laser 
cavity.  The  Yb:YAG  crystal  has  high  transmission 
from  920  mn  to  shorter  wavelength,  therefore  these 
experiments  were  conducted  using  a  Ti:Al203  pump 
laser  tuned  to  913  run  wiiich  is  tliird  absorption  peak 
of  the  Yb:YAG  ctystal.  An  oposite  side  of  the 


0 

(Multi) 

□ 

5%-3.4 

mm  (Multi) 

• 

10%-l.lmm 

(Single) 

■ 

5%-3.4 

mm  (Single) 

ABSORBED  POWER  (mW) 


Fig.  2  Input-output  power  characteristics  of  the 
coupled  cavity  Yb;YAG  laser  pumped  by  a 
Ti:sapphire  laser.  Up  to  42  mW  power  of  single 
frequency  output  has  been  obtained  without  any 
intracaviiy  elements. 


Yb:YAG  crystal  has  the  Fresnel  loss,  -8.45%.  The 
external  mirror  was  a  10  mm  radius  of  curvature 
mirror,  coated  for  a  reflectivity  of  95  %  at  1030  nm 
and  >  99  %  at  the  pump  wavelength.  The  position 
of  this  external  mirror  was  separated  7. 5-8.0  mm 
from  the  ciy  stal  and  adjusted  by  a  piczo-clcclric- 
dcvice  (PZT).  A  50  nun  focal  length  mode  matclung 
lens  was  used  to  focus  the  pump  beam  to  a  diameter 
of  58  jim  in  the  laser  cry  stal.  The  temperature  of  the 
laser  holder  was  controlled  by  using  a  thermo-electric 
cooler  set  at  20  °C.  In  our  case,  the  free  spectral 
range  (FSR)  of  the  Yb:YAG  cry  stal  and  a  total  cavity 
lengili  are  -75  GHz  and  -17  GHz,  respectively. 

The  Yb:YAG  output  power  vs.  Ti:Al203 
absorbed  pump  power  for  the  laser  operating  in  a 
single  axial  mode  is  shown  in  Figure  2.  The 
threshold  was  measured  to  be  27.1  -  33.9  mW  and 
the  slope  efficiency  was  =  32  %  in  single  axial 
mode  relative  to  the  absorbed  power  at  913  mn.  The 
maximum  output  power  for  the  microchip  laser  was 
41.6  mW  for  single  axial  mode  oscillation  at  198 
mW  of  absorbed  pump  power.  The  maximum 
output  power  reached  50.4  mW  for  multi  axial  mode 
operation.  On  other  hand,  with  an  AR-coated  ciystal 
the  tlucshold  power  was  41.8  mW  and  the  maximum 
output  power  was  91.2  mW  in  multi  axial  mode 
operation.  Therefore,  the  threshold  power  using 
uncoated  crystal  is  20  -  35  %  lower  than  using  AR- 
coated  cry  stal,  which  is  in  good  agreement  witii  the 
theoretical  results. 

In  conclusion,  single-axial-modc  oscillation 
of  Yb:YAG  laser  has  been  demonstrated  with  a  the 
w  ide  FWHM  fluorescence  of  9.4  mn,  or  2.66  THz  at 
1030  mn.  An  uncoated  Yb:YAG  cry  stal  was  used  to 
operate  as  a  coupled  cavity  laser  configuration.  This 
technique  not  only  achieve  the  single  axial  mode 
operation  but  also  decrease  the  threshold  power. 
These  effects  are  consistent  with  our  theoretical  and 
experimental  results.  Single  axial  mode  Yb:YAG 
may  find  applications  as  stable  master  oscillator  for 
higher  power  Yb:Y AG  lasers. 
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Abstract 

We  report  cw  singly  resonant  optical  parametric 
oscillators  with  thresholds  <3  W,  output  powers 
>2.5  W  at  3.3  \xm,  and  tunable  over  1.4- 1,6  \im  and 
3. 1-4.0  |im. 
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The  better  stability  of  singly  resonant  optical 
parametric  oscillators  (SROs)  compared  with  doubly 
resonant  optical  parametric  oscillators  (DROs)  is  well 
known.[l]  Equally  well  known  is  the  lOOx  higher 
threshold  of  a  SRO  vs.  that  of  a  DRO.  In  the  cw 
regime,  much  work  has  gone  into  stabilizing  DROs; 
however,  even  with  complex  control  loops  and  careful 
cavity  design,  continuous  tuning  is  limited  to 
<10  GHz.[2]  The  first  cw  SRO  was  demonstrated  in 
1993  using  a  custom-built  resonantly-doubled  single- 
frequency  Nd:YAG  pump  laser  with  KTP,  but 
significant  tuning  was  not  possible.[3,  4]  Despite  the 
limited  utility  of  this  device,  it  demonstrated  the 
important  result  of  stable  SRO  behavior  from  a  cw 
OPO. 

In  this  paper,  we  present  cw  SROs  based  on  the 
recently-developed  nonlinear  optical  material 
periodically  poled  LiNbOs  (PPLN).  The  high  gain, 
low  loss,  and  widely-tunable  noncritical  quasi¬ 
phasematching  of  PPLN  have  been  shown  to  be  useful 
for  OPOs  pumped  by  low  peak  power  lasers,  e.g.  high- 
repetition-rate  Q-switched  solid-state  lasers,  long-pulse 


Nd:YAG  lasers,  and  commercial  cw  diode  lasers.[5] 
These  attributes  have  now  enabled  us  to  demonstrate 
practical  cw  SROs  with  stable,  efficient,  single- 
frequency  output  using  simple  cavities  and 
commercially-available  pump  laser  powers.  Low 
threshold  and  adjustable  quasi-phasematching  of  a  PPLN 
SRO  permit  direct  pumping  with  1.064  for  a  useful 
source  of  coherent  cw  radiation  tunable  over  the 
spectrally  important  mid-IR  range  from  1.3  ^im  to 
-5  ^m.[6] 

The  PPLN  used  in  this  work  was  fabricated  with 
the  same  electric-field  poling  methods  reported 
eisewherc.[5]  Since  the  first  QPM  OPO  was 
demonstrated  with  5-mm-long  PPLN  in  1994,  the 
length  of  available  crystals  has  grown  dramatically. 
The  poling  methods  arc  now  successfully  applied  to  full 
3”-diametcr  0.5-mm-thick  LiNb03  wafers.  The  crystals 
for  this  cw  SRO  were  50-mm  long  with  29.75  pm 
period,  which  quasi-phasematched  at  1.57-|im  signal  and 
3.45-pm  idler  with  1.064-pm  pumping  at  175  °C. 

The  experimental  set-up  is  shown  in  Fig.  1 .  The 
pump  laser  is  diode-pumped  Nd:YAG  producing  17  W 
cw  of  polarized  multi-longitudinal-mode  output  at 
1.064  p.m.  13  W  is  available  to  pump  the  OPO.  The 
pump  beam  is  focused  to  a  97-|iim  waist  radius  in  the 
crystal.  The  OPO  resonator  is  a  simple  two-mirror 
symmetric  linear  cavity  with  round  trip  signal  loss  of 
-2%  and  round-trip  idler  loss  of  >99%. 

Fig.  2  shows  the  OPO  output  vs.  pump  input. 
The  threshold  of  4.5  W  agrees  reasonably  well  with  a 
calculated  value  of  3.7  W  for  a  single-frequency  pump 
laser,[7]  indicating  that  all  the  laser  mc^es  pump  a 
single  mode  of  the  resonant  wave  in  an  SRO.[l]  The 
focusing  parameter  for  this  measurement  is  ^^Ub- 
0.42  where  L  is  the  crystal  length  and  b  is  the  confocal 
parameter  of  the  pump  (or  signal)  in  the  crystal.  By 
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Figure  1,  Experimental  set  up  of  cw  SRO  in  PPLN.  Mirrors 
have  50-mm  radii  of  curvature  and  are  separated  by  104  mm. 
Reflectivities  of  the  pump»  signal,  and  idler  are  2%,  99.7%. 
3%  for  the  input  coupler,  14%,  99.5%,  11%  for  the  output 
coupler,  and  6%.  0.3%,  7%  for  each  surface  of  the  PPLN 
crystal. 

focusing  more  tightly  to  give  §  =  0.62,  l.O,  and  1.6, 
we  lowered  the  oscillation  threshold  to  4.2  W,  2.9  W, 
and  2.6  W  respectively.  However,  tighter  focusing 
caused  a  sudden  increase  in  amplitude  noise  of  the  OPO 
output  when  the  pump  power  was  raised  above  1.7x 
threshold.  This  sudden  increase  in  noise  was  very 
repeatable.  It  is  not  yet  clear  if  this  behavior  is 
intrinsic  to  a  cw  SRO  with  tight  focusing  or  an 
experimental  effect  (e.g.  thermal).  With  loose  focusing, 
low-noise  operation  was  obtained  even  pumping  3x 
above  threshold. 


Pump  power  (W) 


Figure  2.  OPO  output  vs.  pump  input  power  for  29.75  pm 
period  PPLN  at  175  °C.  The  maximum  output  is  1.25  W  at 
3.25  pm  pumping  with  13  W  at  3x  above  threshold.  Signal 
power  is  low  because  of  the  low  output  coupling  used.  With 
tighter  focusing,  thresholds  <2.6  W  were  obtained. 


The  spectral  qualities  of  the  OPO  signal  output 
were  observed  using  solid  etalons.  Despite  a  pump 
laser  linewidth  of  -2.2  GHz  FWHM  corresponding  to 
-9  longitudinal  modes,  the  resonated  signal  wave 
operated  on  a  single  longitudinal  mode  with  linewidth 
<0.02  cm‘^  (0.5  GHz),  As  shown  in  Fig.  3,  the  free- 
running  OPO  stayed  on  one  longitudinal  mode  for  10- 
20  sec  until  drift  of  cavity  length  or  temperature  caused 
a  mode  hop.  When  the  cavity  length  was  scanned,  the 
OPO  stayed  on  a  single  cavity  mode  over  >75%  of  the 
free  spectral  range,  indicating  the  singly-resonant  nature. 
For  a  comparable  DRO,  mode  hops  occur  for  2-nm 
cavity  length  change  or  3-MHz  pump  frequency  shift, 
over  two  orders  of  magnitude  more  stringent  than  the 
tolerances  of  the  SRO.[8,  9] 

While  this  device  can  be  temperature  tuned, 
operation  <1 10  ®C  is  limited  by  photorefractive  damage 
as  shown  in  Fig.  4.  Tuning  by  changing  the  quasi¬ 
phasematching  period  provides  wide  tunability  at  fixed 
temperature.  Using  a  25-mm  long  PPLN  crystal  with 
multiple  grating  sections[6]  we  tuned  the  output  from 
1.62-1.46  pm  (signal)  and  3.11-3.95  pm  (idler),  limited 
by  losses  of  the  optical  coatings.  With  the  right  optics, 
this  cw  SRO  can  tunc  across  the  entire  mid-lR 
transparency  range  of  LiNb03  1.3  pm  to  >4  pm. 

We  also  operated  the  PPLN  cw  SRO  using  a  four- 
mirror  ring  cavity  in  a  bow-tie  configuration.  The 
threshold  of  this  OPO  was  higher  because  of  the 
additional  optics,  but  it  could  be  tightly  focused  without 
the  increased  noise  seen  in  the  linear  cavity.  The 
conversion  efficiency  was  also  much  higher  as  shown  in 
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Figure  3.  Stability  of  OPO  signal  power  in  PPLN  cw  SRO, 
with  6.7  W  pump  (2x  threshold). 
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Temperature  (®C) 

Figure  4.  Heating  the  crystal  eliminates  photorefractivc 
damage  during  OPO  operation.  Temperature  tuning  is 
possible  as  shown*  but  adjusting  the  quasi-phasematching 
period  with  a  multi-grating  PPLN  chip  gave  broader  tuning 
over  1.62-1.46  pm  (signal)  and  3.11-3.95  pm  (idler)  at 
175  °C  for  PPLN  periods  30-28  pm. 


Figure  5.  Pump  depletion  and  idler  quantum  efficiency  in 
the  4-mirror  ring-cavity  cw  SRO.  Pump  depletion  was  84% 
at  3x  above  threshold.  Extracting  this  converted  pump  as 
idler  was  76%  efficient  due  to  losses  in  the  optical 
coatings.  Idler  power  was  2,5  W  with  12  W  of  pump  for 
optical  power  conversion  efficiency  of  21%. 

Fig.  5.  Using  the  multi-grating  piece  described  above, 
we  obtained  >l  W  idler  power  over  the  tuning  range  3- 
3.8  p.m,  and  0.6  W  at  4  p.m.  The  above-threshold 
behavior  of  cw  SROs  will  be  investigated  in  future 
experiments  and  theoretical  modeling. 

In  conclusion,  we  have  demonstrated  practical 
implementations  of  cw  SROs  using  PPLN.  With 
simple  OPO  resonator  designs,  the  threshold  as  low  as 
2.6  W  is  compatible  with  pumping  with  commercially 


available  multi-longitudinal-mode  cw-diode-pumped  l- 
jim  lasers.  The  stability  (-1  %  rms),  high  conversion 
(>84  %),  high  power  (2.5  W  at  3.3  fim).  and  single¬ 
frequency  output  (<0.02  cm’^  linewidth)  make  these 
devices  promising  sources  of  coherent  radiation  tunable 
across  the  important  mid-IR  region. 
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CThA3  Fig.  1  Schematic  of  Ou  simple 
experimenSd  configuration.  Ihe  diode- 
pim^)ed  Nd:YAG  laser  produces  17  W 
of  output  Hie  periodically-poled 
lithium  niohate  (PPLN)  is  50-mm  long, 
and  has  a  mting  period  of  29.75  \un 
for  first  order  quasi-phase-matchixvg. 
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The  improved  stability  of  singly  resonant 
optical  parametric  osdllatorB  (SROPOs, 
^tOs)  over  doubly  resonant  optical  para¬ 
metric  oadllators  (DROPOs)  is  well 
knowiv  however;  due  to  the  SRC7s  hi^ 
oscillation  threshold,  ifs  operation  has 
been  nearly  exclusively  restricted  to 
pulsed  devices.  The  firrt  cw  SRO  was 
pun^>ed  by  a  resonantiy  doubled  Nd:YAG 
laser.  The  OPO  was  opmted  near  degen¬ 
eracy,  producing  outputs  wid\  limited  tun- 
ability  at  wavelengdis  near  the  fundamen¬ 
tal  of  the  pump  laser  (1  Our  work 
is  the  first  report  of  a  broadly  tun^le  cw 
SRO.  We  use  the  1.064-Min  radiaticn  from 
a  Nd:YAG  laser  to  pump  periodically 
poled  lifiiium  niobate  (ITLNr  obtaining 
tunable  radiation  in  die  important  1.5-Mm 
and  3.3-^in  regions.  The  hi^  gain  and 
low  loss  of  PPLN  are  the  to  the  op¬ 
eration  of  this  device.  The  PPIN  OPO  op¬ 
erated  robusdy  2-3  times  above  direshold 
with  a  maximum  pump  depletion  of  50%. 

The  experimental  configuration  is 
shown  in  1.  The  pump  la^  is  a  sin¬ 
gle-transverse  mode,  midtilongitudinal- 
mode  diode-pumped  Nd:YAG  laser.  The 
laser  has  an  output  of  -17  W  witti  M®  = 
1.1.  The  pun^  beam  is  mode-matched  to 


Pumppow«r(W) 

CThA3  2  Ou^ut  vs,  ir^t  of  the 
cw  PPLN  OPO.  The  oscillation 
direshold  is  4.5  W,  and  the  maximum 
ouQnit  is  1.25  W  at  33  lun,  and  036  W 
at  1.57  pjxi  widi  13  W  of  pump. 


tile  OPO  cavity  with  a  97-MJn  beam  waist 
(radius).  A  50-mm-long  PFLJ^  crystal  Ym» 
a  period  of  29.75  yjm  for  first  order  quasi' 
phase-matching  and  is  anti-reflection 
coated  resulting  in  reflectivities  of  6%, 
0.3%,  and  7%  for  each  surface,  at  tfvc 
pump,  signal,  and  idler  wavclengt^.  The 
OPO  caidty  had  a  ro\md-trip  cavity  loss 
of  -2%  at  tile  signal  wavelengtii  (0.5%  at 
tiie  output  couple,  03%  at  tiie  input  cou¬ 
pler),  and  99.0%  at  tiie  idler  wavelength, 
satisfying  tiie  condition  for  singly  reso¬ 
nant  operation.’ 

2  shows  tiie  OPO  output  vs.  in¬ 
put.  The  tiireshold  of  4.5  W  is  in  agree¬ 
ment  witii  calculations.  By  focusing  tiie 
pump  more  tightly,  titiresholds  as  low  as 
2.6  W  were  observed,  but  tighter  focusing 
produced  noise  in  tiie  OPO  output  wh^ 
pumped  more  than  1.7  times  thresholo. 
The  resonated  signal  wave  tended  to 
erate  on  a  single  longitudinal  mode  of  tiic 
OPO  resonator  deroite  a  pump  la^^ 
bandwidth  of  -6  GHz.  The  free  running 
OPO  stayed  on  one  longitudinal  mode 
for  10-20  seconds  until  cavity 
and/or  crystal  temperature  drirt  cau^ 
tiie  OPO  to  hop  to  a  nearby  loneitudin^ 
mode.  No  attempt  was  made  to  keep  tha 
OPO  on  one  longitudinal  mode. 

To  verify  tiie  improved  amptitude  sta¬ 
bility  of  the  SRO,  we  measured  the  signai 
output  witii  a  fast  photodiode.  Diuing  a 
1  sec  interval  (Hg.  Sa),  the  OPO  ran  on  « 
single  longitudinal  mode,  with  1%  noisa 
(nns).  Over  a  30  minute  interval  (Fig- 
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CThA3  Fig.  3  Noise  characteristics  of 
the  cw  SRO.  The  Y-axis  of  all  three 
graphs  is  signal  power  in  watts.  Note 
that  the  bottom  of  the  graph  is  not  zero, 
therefore  the  fluctuations  appear 
enlarged,  a)  Shows  the  output  of  the 
free-running  OPO  over  a  1  sec  interval 
with  single-longitudinal-mode 
operation,  b)  Shows  the  output  of  the 
free  running  OPO  over  a  30  min 
interval  witii  longitudinal  mode 
hopping.  The  increased  noise  in  b)  is 
due  to  longitudinal  mode-hopping  in 
the  OPO.  c)  Shows  the  OPO  output 
when  the  cavity  length  is  swept  with  a 
piezo-electric  crystal.  The  well  defined 
mode-hops  that  occur  at  a  large  fraction 
of  the  free  spectral  range  of  the  signal 
cavity  indicate  the  sin^y  resonant 
nature  of  the  device. 


with  the  OPO  mode  hopping,  the  noise 
increased  to  4.7%  (rms).  Figure  3c  shows 
the  OPO  output  when  the  cavity  length 
is  scanned  with  a  piezo-electric  crystal. 
The  SRO  nature  of  our  device  is  revealed 
by  observing  mode  hops  oi\ly  at  cavity 
length  changes  that  are  a  large  fraction  of 
the  free  spectral  range  of  the  OPO  cavity. 

We  also  operated  the  OPO  with  25- 
mm-long  PPLN  crystals  having  multiple 
grating  structures  similar  to  those  de¬ 
scribed  in  Ref.  4.  We  produced  cw  radi¬ 
ation  over  3.1 -4.0  ^un  (idler)  and  1.45— 
1.62  (sigrwLl)  by  trar\slating  the  crystal 
through  the  resonator  into  di&erent  grat¬ 
ing  sections.  This  tuning  range  was  lim¬ 
ited  by  the  reflectivity  range  of  the  OPO 
cavity  mirrors. 

In  sximmary,  we  have  demonstrated  a 
broadly  tunable  mid-infrared  cw  SRO 
that  had  a  -few  watt  threshold,  produced 
>1  W  of  radiatioiv  and  was  tuned 
through  a  technologically  important 
spectral  region. 
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